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Resumen 

 
El aprendizaje es un proceso por el que se adquieren o modifican determinados 

comportamientos que permiten al individuo adaptarse a los cambios que tienen lugar en 

el entorno. El sistema motor del párpado y de la membrana nictitante han sido 

ampliamente utilizados como modelo experimental para el estudio de las bases 

neuronales que subyacen al aprendizaje asociativo, mayoritariamente mediante el uso 

de distintos paradigmas de condicionamiento clásico del reflejo palpebral. En las 

últimas décadas, el cerebelo y el hipocampo han sido propuestos como las estructuras 

cerebrales responsables de procesar los códigos neuronales necesarios para generar una 

respuesta condicionada en este tipo de aprendizaje, no obstante, existen estudios que 

apuntan a la participación de otras regiones neuronales. De este modo, los cambios 

observados en la actividad neuronal en diversas estructuras corticales durante el 

aprendizaje sugieren la participación de las vías sensoriales y motoras en la generación 

de la respuesta aprendida. El trabajo realizado en la presente Tesis Doctoral aborda el 

papel de la corteza cerebral durante el condicionamiento clásico del reflejo palpebral en 

el conejo. En primer lugar, se caracterizó la proyección monosináptica desde la corteza 

motora al núcleo facial mediante la inyección de un trazador anterógrado en la región 

cortical correspondiente al músculo orbicularis oculi. Mediante este proceso, se 

identificó por vez primera en conejos la existencia de proyecciones neuronales directas 

desde la corteza motora hacia el núcleo facial. Posteriormente, y con el fin de 

caracterizar el papel de la corteza cerebral durante el condicionamiento clásico, se 

registró extracelularmente la actividad de las neuronas situadas en la región palpebral 

correspondiente al músculo orbicularis oculi en la corteza motora durante el proceso de 

aprendizaje. El registro de las neuronas activadas antidrómicamente desde el núcleo 

rojo y el núcleo facial durante el condicionamiento del reflejo palpebral mostró un 

incremento de la tasa de disparo de dichas neuronas que se anticipó (≥ 50 ms) a la 

respuesta condicionada. Con el fin de verificar la importancia de la corteza motora 

durante el proceso de adquisición del aprendizaje asociativo motor, se examinó si la 

modulación de la excitabilidad de las neuronas motoras inducida por medio de la 

estimulación eléctrica transcraneal, sería capaz de modificar el proceso de aprendizaje. 

De la misma manera, se estudió la contribución de la corteza sensorial en la adquisición 

del condicionamiento, mediante el uso de un flash de luz débil como estímulo 

condicionado, aplicando corrientes eléctricas transcraneales sobre la corteza visual 

primaria durante el aprendizaje. La modulación de la excitabilidad neuronal de las 



 

 

cortezas motora y visual tuvo un impacto significativo sobre el aprendizaje consistente 

en un cambio en el porcentaje de respuestas aprendidas dependiente de la polaridad de 

la corriente aplicada. Cuando se administró corriente anodal sobre la corteza motora se 

observó un aumento en el número de respuestas aprendidas, mientras que la corriente 

catodal aplicada sobre la corteza visual lo disminuyó. Con respecto a la calidad de la 

respuesta aprendida, se observó para la corteza motora que con la estimulación anodal 

las respuestas fueron de mayor magnitud, mientras que la estimulación catodal retrasó 

levemente el inicio de las respuestas condicionadas y redujo magnitud de las mismas. 

Por último, se midieron las variaciones térmicas del tejido cerebral mediante un 

termistor implantado de forma epidural situado bajo el electrodo de estimulación 

transcraneal para descartar que los efectos observados en el aprendizaje motor durante 

la estimulación eléctrica estuviesen influenciados por un aumento de temperatura del 

tejido estimulado. Los resultados obtenidos no mostraron cambios significativos en la 

temperatura cerebral ni durante, ni después de la estimulación transcraneal. En su 

conjunto, la presente Tesis Doctoral revela que la participación de la corteza motora 

durante el condicionamiento clásico es fundamental para la correcta adquisición de las 

respuestas motoras aprendidas. Además, apoya la hipótesis de un papel relevante de la 

corteza sensorial en este tipo de aprendizaje asociativo motor. Por último, los datos 

mostrados en esta tesis constituyen la primera evidencia experimental sobre la ausencia 

de cambios térmicos asociados a la estimulación eléctrica transcraneal.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 
Learning is defined as the acquisition or modification of specific behaviors that allow 

the individual to adapt to changes occurring in the surrounding environment. The 

primary focus of many investigations has been the characterization of neural bases 

underlying learning. Thus, the motor system of the eyelid and the nictitating membrane 

has been extensively used as an experimental model to study the mechanisms and 

neural structures determining associative learning, mainly by the use of different 

paradigms of classical eyeblink conditioning. Over several decades, the cerebellum and 

the hippocampus have been proposed as the brain structures responsible for processing 

the neural codes underlying the generation of learned eyeblink responses. However, 

some researchers raised the hypothesis of the participation of other brain regions. 

Specifically, reported changes in neuronal activity in various cortical structures during 

learning suggest the involvement of sensory and motor pathways in the generation of 

conditioned responses. The main approach of the experimental work presented in this 

Doctoral Thesis was to investigate the role of the cerebral cortex during the classical 

conditioning of eyeblink responses. First, projections from the motor cortex to the 

facial nucleus were characterized by injecting an anterograde tracer in the cortical 

region corresponding to the orbicularis oculi muscle. Hence, monosynaptic neural 

projections from the rabbit’s motor cortex were identified in the facial nucleus. On the 

other hand, extracellular unitary activity in the palpebral region of the motor cortex 

corresponding to the orbicularis oculi was recorded during eyeblink conditioning. As a 

result, motor cortex neurons activated antidromically from the red nucleus as well as 

the facial nucleus showed an increase of their firing rates well in advance (≥ 50 ms) 

with regard to the conditioned response onset. With the aim to verify the importance of 

the motor cortex during the acquisition process of associative learning it was examined 

whether modulating excitability of motor cortex neurons by means of transcranial 

current stimulation would be able to modify the learning process. Similarly, the 

contribution of the sensory cortex during the acquisition of eyeblink conditioning – 

using light stimulation as conditioned stimulus – was studied by applying transcranial 

electrical currents to the primary visual cortex during learning. The induced modulation 

of neuronal excitability in the motor and visual cortex resulted in a significant impact 

on learning consisting of a polarity-dependent change in the percentage of learned 

responses. Specifically, an increase in the number of learned responses was observed 

when stimulation with anodal polarity was applied to the motor cortex, whereas 



 

 

cathodal polarity decreased the number of conditioned responses when applied to the 

visual cortex. Regarding the quality of responses as observed for the motor cortex, 

anodal stimulation promoted increased magnitude, whereas cathodal stimulation 

reduced magnitude and slightly delayed the beginning of learned responses. Finally, 

thermal changes of the brain tissue were measured by means of an epidurally implanted 

thermistor placed under the transcranial current stimulation location to rule out that 

tissue heating of the stimulated site interfered with the observed effects on motor 

learning. No significant changes in brain temperature were induced either during or 

after the application of transcranial stimulation. In brief, this Doctoral Thesis reveals 

that the participation of the motor cortex during classical eyeblink conditioning is 

essential for the correct acquisition of learned responses. In addition, the results support 

the hypothesis of the involvement of the sensory cortex in this type of associative motor 

learning. Finally, the data presented in this thesis shows for the first time experimental 

evidence supporting the absence of thermal changes in the brain tissue due to the 

transcranial current stimulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABBREVIATIONS:  

 

BDA, biotinylated dextran amine; BDNF, brain-derived neurotrophic factor; CS, 

conditioned stimulus; CR, conditioned response; DBS, deep brain stimulation; EEG, 

electroencephalographic recording; EMG, electromyographic recordings; fMRI, 

functional magnetic resonance imaging; FN, facial nucleus; IP, interpositus nucleus; 

LFP, local field potential; LTD, long-term depression; LTP, long-term potentiation; 

MC, motor cortex; NMDA, N-methyl-D-aspartate; NTC, negative temperature 

coefficient; PB, phosphate buffer; PSTH, peristimulus time histogram; RN, red 

nucleus; S1, primary somatosensory cortex; SMS, static magnetic stimulation; tACS, 

transcranial alternating stimulation; tDCS, transcranial direct current stimulation; TLT, 

transcranial infrared laser therapy; TMS, transcranial magnetic stimulation, tRNS, 

transcranial random noise stimulation; UR, unconditioned response; US, unconditioned 

stimulus; V1, primary visual cortex; VEP, visual evoked potential 
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Introduction 

 3 

1.1. Associative learning 

 

‘Learning refers to a change in behavior that results from acquiring knowledge about 

the world, and memory is the process by which that knowledge is encoded, stored, and 

later retrieved’ (Schacter and Wagner, 2013).  

 

Learning and memory are two closely related brain processes that lead to adaptive 

changes in behavior. The stabilization of the neural changes that take place after the 

learning allows for the consolidation of the memories and their long-term maintenance. 

The more the environment changes, the more ‘plastic’ the behavior should be. In turn, 

this plasticity is a reflection of the organism’s nervous system, i.e., the more plastic the 

nervous system, the more learning and memory capacity the organism has (Morgado 

Bernal, 2005). Ramón y Cajal (1852 - 1934) was the first to propose the hypothesis of 

plastic changes in number and strength of neural connections that represent the physical 

basis of learning (Sotelo, 2003). Nowadays, learning and memory is one of the most 

intensively studied subjects in the field of neuroscience, and modern neuroscientists 

investigate the processes of learning and memory by using extremely diverse strategies. 

It is important to emphasize that the study of the physiological bases of learning and 

memory is relevant because it allows, in the long term, the design of diverse therapies 

and treatments, especially for those situations in which mnesic (pertaining to memory) 

capacities are impaired, as in patients with certain neurodegenerative diseases.  

 

Memory converges in two different types: explicit (or declarative) memory and implicit 

(or non-declarative) memory. Explicit memory consists in the conscious form of 

recovering earlier experiences and remembering information about people, places, and 

things. On the other hand, implicit memory is expressed by unconsciously acquired 

knowledge manifested in an automatic manner. In turn, implicit memory can be 

distinguished in two types: non-associative and associative. Without going in further 

detail, non-associative learning (single or repeated presentation of a single type of 

stimulus) comprehends two forms of learning: sensitization and habituation. The 

present work focuses specifically on associative learning, which is defined as the 

acquisition of the association between two stimuli or between a stimulus and a behavior. 

In contrast to sensitization and habituation, associative learning is dependent on the 

timing of the stimuli. Two principal forms of associative learning have been abundantly 
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applied and investigated in the past, and are still today frequently used learning 

paradigms in many laboratories: classical conditioning, or learning the relationship 

between two stimuli, and operant conditioning, or learning the relationship between the 

organism’s action and the outcome of that action (Schacter and Wagner, 2013).  

 

Classical conditioning was first described by Ivan P. Pavlov (1849 – 1936), a Russian 

born physiologist and psychologist. It was during his studies on salivation and its 

associated pancreatic and gastric secretions when he first observed the phenomenon of 

the ‘conditional reflex’, or conditioned response (CR). His famous experiment showed 

how the presentation of an unconditioned stimulus (US), in this case meat powder, 

produced salivation in a dog. The evoked salivation is a reflex (innate) response, i.e., 

the animal required no previous learning to present that behavior. This type of response 

is called unconditioned response (UR). Furthermore, when a tuning fork sounded 

repeatedly right before presenting the meat powder, the dog started associating the 

sound with the presentation of the meat powder. Eventually, the dog began to salivate 

with the sound of the tuning fork. This meant that the sound was now the conditioned 

stimulus (CS) paired with the meat powder as the US, expressing a CR (Pavlov, 1927; 

Figure 1.1). The UR and the CR are generally similar, but often not identical, in type or 

magnitude (Trigo et al., 1999a; Gruart et al., 2000a). To achieve the learned association, 

it is important that the CS always precedes the US, keeping a critical interval of time 

between them. Accordingly, this type of associative learning is called Pavlovian 

conditioning and is one of the oldest and most systematically studied phenomena in 

psychology (Rescorla, 1988). 
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Figure 1.1 Pavlovian or classical conditioning paradigm: The presentation of an unconditioned 

stimulus (US) produces an unconditioned response (UR, in this case, salivation). Repeated 

combination of US with a neutral stimulus (in this case, tuning fork sound) produces 

association of the neutral stimulus, now conditioned stimulus (CS), with the US, expressing a 

conditioned response (CR) in the experimental subject. 

 

 

1.2. Classical eyeblink conditioning 
 

Classical conditioning of eyelid responses is a form of associative motor learning which 

is gradually acquired. This learning paradigm was first established for scientific use in 

humans in the 1920s (Cason, 1922). However, reported shortcomings from human 

studies (explicit awareness, voluntary responses, etc.) and the need to deepen the 

understanding of this type of learning through the use of invasive laboratory techniques 

were motivation enough to develop nictitating membrane and eyeblink paradigms in 

the awake animal, specifically in the rabbit (Freeman and Steinmetz, 2011). Thus, since 

the 1960s the classical eyeblink conditioning has been extensively used by multiple 

researchers as a satisfactory experimental animal model for the investigation of 

neuronal mechanisms and pathways underlying the acquisition of new motor 

capabilities (Gormezano et al., 1962, 1983; Woody et al., 1970; Berthier and Moore, 
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1986; Gruart et al., 2000a; Medina et al., 2002; Márquez-Ruiz et al., 2012, 2016; 

Pacheco-Calderón et al., 2012; Carretero-Guillén et al., 2015). The main advantages of 

using the rabbit as a model are their high tolerance for movement restriction, the 

absence of alpha responses, i.e., no eyelid reflex response to the tone or flash used as 

CS (Grant and Adams, 1944; Gruart et al., 2000a), and easy acquisition of eyelid 

movement measures compared to other smaller animals like rodents. Nevertheless, 

classical eyeblink conditioning has been successfully performed in other animal models 

examining characteristics and neuroanatomical bases of associative learning, as it has 

been shown for rats (Schmajuk and Christiansen, 1990; Stanton et al., 1992), mice 

(Aiba et al., 1994; Chen et al., 1996; Heiney et al., 2014), and cats (Norman et al., 

1974; Gruart et al., 1994) among other animal species. 

 

The classical conditioning of eyelid responses consists of the presentation of a neutral 

CS (generally a tone) preceding the US (generally an air puff presented to the cornea 

that causes the eye to blink) by 0.1–1.0 seconds. The delay paradigm represents the 

standard organization of stimuli presentation in eyeblink conditioning. Here, the CS co-

terminates with the US and the optimal conditioning in rabbits occurs when the interval 

between CS onset and US onset is in the range of 250 to 500 ms (Gormezano, 1966). 

For the trace paradigm the animal (or human) has to generate a memory trace of the CS 

(tone, light flash, electrical stimulus, etc.) in order to associate it with the later 

presented US (generally air puff to the cornea). Thus, there is a time gap (0.1–0.5 s) 

between the end of the CS and the beginning of the US (Delgado-García and Gruart, 

2006). Eye movements and CRs are usually measured and determined with Hall-effect 

devices (Koekkoek et al., 2002), the search-coil technique (Gruart et al., 1994), or by 

means of the electromyographic (EMG) activity (Márquez-Ruiz et al., 2012) of the 

orbicularis oculi muscle ipsilateral to the US presentation (Figure 1.2). 
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Figure 1.2 Eyeblink conditioning paradigms and electrophysiological recording of CRs. A, 

Experimental design of classical eyeblink conditioning performed in rabbits representing the 

location of recording electrodes for orbicularis oculi electromyographic activity (O.O. EMG). 

B, Two classically used conditioning paradigms based on a different temporal relationship 

between conditioned stimuli (CS) and unconditioned stimuli (US). In the delay paradigm (top) 

CS co-terminates with the US whereas the trace paradigm presents a constant time interval 

between both stimuli (bottom). C, The figure shows the eyeblink conditioning progress with the 

use of a delay paradigm. The conditioning paradigm (CS and US presentations) and orbicularis 

oculi muscle activity recordings (O.O. EMG) from the same animal are represented for seven 

consecutive conditioning sessions (C1 – C7). Across sessions the initial unconditioned response 

(UR), consisting of a reflex response right after receiving the US, converts to an eyelid 

response that precedes the US, termed conditioned response (CR, arrows). Modified from 

Cheron et al., 2015. 
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1.3. Neuronal projections to the orbicularis oculi muscle  

 

An eye blink is a fast narrowing of the palpebral fissure, implicating the motion of a 

series of muscles: the orbicularis oculi and, in those species with a nictitating 

membrane, the retractor bulbi and most of the extraocular eye muscles. An eye blink 

can be triggered by stimuli of different sensory modalities, involving the somatosensory, 

visual, acoustic, or vestibular system (Delgado-García et al., 2002). The eyelid motor 

system presents a series of singularities worth mentioning. First of all, the facial 

musculature is formed of special, visceral-modified muscle fibers that present different 

neural control than the skeletal motor system (Morecraft et al., 2004). Furthermore, the 

eyelid motor system is load-free and has an almost negligible mass, expressed as a low 

inertial damping (Delgado-García and Gruart, 2006). Interestingly, earlier studies have 

concluded that the orbicularis oculi motoneurons receive no information with respect 

to the position of the upper lid before the initiation of reflex blinks, i.e., no 

propioceptive feedback signals from the involved muscles (Trigo et al., 1999b). 

Consequently, no propioceptive coordinating mechanisms involving the red nucleus 

(RN) and cerebellum are implicated (Courville, 1966; Lindquist and Martensson, 1970; 

Mizuno and Nakamura, 1971). Orbicularis oculi motoneurons are located in the facial 

motor nuclei occupying preferentially the dorsolateral subdivision of the nucleus 

(Radpour, 1977; Holstege and Collewijn, 1982; Komiyama et al., 1984; Porter et al., 

1989; Morcuende et al., 2002). With the use of the attenuated rabies virus as a 

retrograde transsynaptic marker injected in the orbicularis oculi muscle, Morcuende 

and colleagues (2002) were able to establish a fairly complete picture of the neural 

circuits underlying eye blinks in the rat. Their results illustrated the pathways by which 

sensory inputs of trigeminal, auditory, vestibular, and visual origins are capable of 

generating eyelid responses. On the other hand, they underlined the participation of 

reticular, rubral, cerebellar, and cortical neurons to eyelid control. Together, this study 

provided an extensive representation of the premotor networks controlling eyelid 

responses with a special highlight on the three major motor systems, (1) motor cortex 

(MC), (2) RN and pararubral area, and (3) reticular formation, and their contribution to 

eye blinks in cooperation with the cerebellar structures. Figure 1.3 illustrates a 

schematic presentation of the major neural structures labeled via injections of 

retrograde tracers placed in the orbicularis oculi muscle as has been done by 

Morcuende and colleagues (2002) as well as by Gonzalez-Joekes and Schreurs (2012). 
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Figure 1.3 Schematic presentation of neuronal projections and main neural structures active 

during spontaneous eyeblinks in the rabbit. DCN, deep cerebellar nuclei; DH, dorsal horn; FC, 

frontal cortex; FN, facial nucleus; HVI and I, cerebellar cortex lobules; OC, occipital cortex; 

OM, oculomotor nucleus; OO, orbicularis oculi; PC, parietal cortex; PR, pararubral nucleus; 

RF; reticular formation; RN, red nucleus; SC, superior colliculus; ST, spinal trigeminal 

nucleus; VB, vestibular nucleus. Continuous projections = in previous studies experimentally 

proven. Dotted projections = hypothetical. Colored structures represent main regions, which 

have been labeled after injections of a retrograde tracer in the orbicularis oculi muscle in 

Morcuende et al. 2002, and Gonzalez-Joekes and Schreurs, 2012.  

 

 

1.4. Neuronal structures underlying classical eyeblink conditioning 

 

After more than 50 years of eyeblink conditioning studies, the research about the 

critical neural site/s of learning-related plasticity during this associative learning, i.e. 

the site/s where the acquisition and retention of new eyelid CRs is taking place, is 

currently still a subject of intense debate and controversy (Welsh and Harvey, 1989; 

Kelly et al., 1990; Aou et al., 1992; Gruart et al., 2000b; Christian and Thompson, 

2003; Lee and Kim, 2004; Jiménez-Díaz et al., 2006; Freeman and Steinmetz, 2011; 

Pacheco-Calderón et al., 2012; Siegel et al., 2015). In 1942, Brodgen and Gantt 

provided the first evidence that the cerebellum is a key structure for associative motor 

learning (Thompson et al., 2000). In addition, on the basis of mathematical modeling, 
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David Marr (1969) and James Albus (1971) independently suggested that the 

cerebellum might be involved in learning motor skills. In the 80s, Thompson and 

colleagues were pioneers in demonstrating, based on aspiration lesions in the rabbit, the 

crucial role of the cerebellum in delay eyeblink conditioning (McCormick et al., 1981, 

1982). Several lesion and inactivation studies proposed specifically the anterior 

interpositus nucleus (IP) as the neural site necessary for acquisition and retention of 

CRs (Lavond et al., 1985; Chapman et al., 1990; Clark et al., 1992; Steinmetz et al., 

1992a-b; Christian and Thompson, 2005). Additionally, findings from 

electrophysiological studies suggested that the anterior IP is in fact driving the 

generation of CRs (Nicholson and Freeman, 2002; Green and Arenos, 2007; Halverson 

et al., 2010). However, a series of studies started a debate, still ongoing at the present 

time, about the definite role of the cerebellum and its nuclei during eyeblink 

conditioning. In this context, numerous findings have suggested that the cerebellum, 

and specifically the IP, may be involved more in the performance of ongoing CRs or on 

their proper timing (Welsh and Harvey, 1989, 1991; Kelly et al., 1990; Bloedel et al., 

1991; Garcia and Mauk, 1998; Gruart et al., 2000c; Delgado-García and Gruart, 2002; 

Seidler et al., 2002; Sánchez-Campusano et al., 2011), rather than in the acquisition 

process itself. Moreover, electrophysiological recordings of different cerebellar nuclei 

regions revealed that the IP firing starts with (rather than precedes) the onset of reflex 

responses and CRs in cats, concluding that the IP cannot be the site for generation and 

storage of CRs (Gruart and Delgado-García, 1994; Gruart et al., 2000c; Delgado-García 

and Gruart, 2002, 2005). It must be taken into consideration that Delgado-García and 

colleagues used the search-coil technique to measure precise movement and position of 

the eyelid, while previous studies with opposite findings measured the passive 

movement of the nictitating membrane. 

 

Regarding the more cognitively complex trace conditioning, where the CR occurs in 

absence of any sensory stimulus, findings suggests that acquisition of learning becomes 

hippocampus dependent (Moyer et al., 1990; Kronforst-Collins and Disterhoft, 1998; 

Weiss et al., 1999; Takatsuki et al., 2003; Tseng et al., 2004; Gruart et al., 2006). 

However, new data indicate that additional neural structures – such as the cerebellum, 

prefrontal cortex, and amygdala – perform essential roles in the trace paradigm 

(Woodruff-Pak et al., 1985; Kotani et al., 2003; Siegel and Mauk, 2013; Siegel et al., 

2015) and that hippocampal cell types fire indistinctly during the CS-US interval for 
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both trace and delay conditioning paradigms (Berger et al., 1983; Múnera et al., 2001). 

Thus, similar input and output pathways are proposed for trace and delay conditioning, 

especially the same dependence on cerebellum and the related brainstem areas. 

However, the molecular substrates underlying both paradigms are thought to be 

different (Yang et al., 2015). The fact that sensory receptors are activated by changes in 

the presented stimulus, and not through its sustained presence, motivated several 

authors to acknowledge the delay paradigm as a particular case of trace conditioning 

(Manto et al., 2012).  

 

A still unanswered question is which site or sites drive the acquisition of this type of 

associative motor learning. The two popular sites involved in the eyeblink conditioning 

(the cerebellum and hippocampus) have been shown to carry part of the neural codes 

necessary to generate the CR, but several studies support the idea that the acquisition is 

taking place at a different site (Delgado-García and Gruart, 2006). Thus, in recent years 

many other cerebral cortical and subcortical structures have been reported to be 

involved in different aspects of acquisition, storage, retrieval, and extinction processes. 

For instance, the prefrontal (Siegel and Mauk, 2013; Caro-Martín et al., 2015), 

cingulate (Weible et al., 2003), and the somatosensory (Leal-Campanario et al., 2006; 

Ward et al., 2012) cortices, neuronal premotor networks (Morcuende et al., 2002), and 

subcortical structures such as the striatum (Blázquez et al., 2002), the amygdalar 

complex (Boele et al., 2010; Sakamoto and Endo, 2010), some thalamic nuclei (Sears et 

al., 1996; Bahro et al., 1999; Campolattaro et al., 2007), and the RN (Haley et al., 1988; 

Sakamoto and Endo, 2010; Pacheco-Calderón et al., 2012) have been shown to 

participate in the generation of conditioned eyeblinks. Recent proposals suggest the 

joint involvement of cerebellar (cortex, nuclei), cortical (hippocampal, prefrontal), and 

subcortical (amygdala, striatum) structures in different aspects (cognitive, motor, 

associative strength, etc.) of classical eyeblink conditioning (Siegel et al., 2015; Yang 

et al., 2015). 

 

 

1.4.1. The motor cortex (MC) and classical eyeblink conditioning 

 

Surprisingly, the previously proposed list of neural sites involved in classical eyeblink 

conditioning does not include the MC. The MC has a well-defined and repeated 
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representation of facial muscles (Huang et al., 1988; Morecraft et al., 2001; Müri, 2016), 

and traditionally has been assumed to be one of the main neural sites involved in the 

acquisition and proper performance of new motor abilities (Evarts et al., 1983; Monfils 

and Teskey, 2004; Doyon and Benali, 2005; Brecht et al., 2013; Gloor et al., 2015; 

Hayashi-Takagi et al., 2015; Kaufman et al., 2015). In fact, MC dynamic activities have 

been described to be interacting with cerebellar and striatal contributions to different 

types of motor sequence learning (Houk et al., 1996; Hikosaka et al., 2002; Penhune 

and Steele, 2012; Santos et al., 2015). In addition, anatomical results revealed the 

existence of a monosynaptic pathway from the vibrissa MC to facial motor neurons in 

the rat proposing an important role of this direct pathway in the generation of complex 

whisker movements during tactile exploration (Grinevich et al., 2005). 

 

However, few studies have addressed the involvement of MC in the generation of 

learned eyelid movements. Woody and his group were among the first to suggest a role 

for the MC in associative learning by recording increased unit activity mediated 

through neurons whose microstimulation evoked eye blinks. The enhanced firing 

activity preceded the CRs by a delay appropriate for conduction between MC and 

orbicularis oculi muscles (Woody et al., 1970; Woody and Yarowsky, 1972). In 

addition, they showed impaired acquisition of CRs with bilateral lesions of cortical 

motor areas (Woody et al., 1974). However, the reported electrophysiological measures 

were questioned by others concluding that the behavioral response measured by Woody 

and colleagues was not representative for a typical long-latency CR, but was probably a 

short-latency response caused by sensitization of the unconditioned reflex blink to the 

CS (Christian and Thompson, 2003). Some years later, Aou and colleagues (1992) 

reported similar increased spike activity within the MC after eyeblink conditioning in 

conscious cats, supporting the hypothesis that cortical excitability increases facilitated 

the responsiveness to the CS and that the generation of CRs may depend on neural 

circuitry and mechanisms of the MC. Birt and colleagues (2003) studied the neuronal 

responses to a CS and an US in the MC of awake cats in more detail. They found that 

both stimuli induced an increase in unitary activity; however, less activity was observed 

for the CS compared to the US. More recently, the hypothesis about the role of the MC 

during eyeblink conditioning was strengthened by the reported decrease in CR 

acquisition, as well as an initial defacilitation of CR-related neuronal activity of RN 

neurons, evoked through a reversible inactivation of MC (Pacheco-Calderón et al., 
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2012). Additionally, the observed reduction of CRs elicited by the loss of N-methyl-D-

aspartate (NMDA) receptor function (hypothesized to play a crucial role in the 

processes of learning and memory formation) provided evidence that the memory of 

acquired CRs is localized in MC (Hasan et al., 2013). Nevertheless, a more 

comprehensive examination regarding the involvement of MC during classical eyeblink 

conditioning and its projections to other motor areas is still needed.  

 

 

1.4.2. The sensory cortex and classical eyeblink conditioning 

 

The cortical sensory activity during classical eyeblink conditioning is generally 

mentioned as input of sensory information with reference to the CS pathway. The most 

commonly used CS modalities are a tone activating the auditory cortex (McCormick et 

al., 1981) or patterned/flashing lights stimulating the visual cortex (Morrell and Naitoh, 

1962), and electrical or vibratory stimuli, triggering the somatosensory cortex (Das et 

al., 2001; Márquez-Ruiz et al., 2012, 2016). Sensory pathways are supposedly of 

subcortical origin but the sensory cortex may modulate these subcortical pathways 

(Halverson and Freeman, 2006, 2010a; Halverson et al., 2009). However, cortical CS 

inputs have not been investigated in great detail with respect to the eyeblink 

conditioning process. The current findings indicate that most likely there is no common 

circuit structure for the different CS modalities (Freeman and Steinmetz, 2011). 

 

Regarding the auditory cortex, early studies have shown that lesions of the cerebral 

cortex that comprised the auditory cortex did not hinder acquisition or retention of 

delay conditioning. However, animals failed to generate short-latency CRs (Oakley and 

Russell, 1972, 1977). Steinmetz and his group (1987) examined the subcortical auditory 

CS pathway and proposed the cochlear nucleus projection to the lateral pontine nuclei 

as one possible pathway implicated in eyeblink conditioning. In recent years, additional 

auditory structures implicated in the CS pathway have been discovered, such as the 

inferior colliculus and the auditory thalamus, and more specifically the medial auditory 

thalamic nuclei (Campolattaro et al., 2007; Freeman et al., 2007; Halverson et al., 2010; 

Halverson and Freeman, 2010b). Regarding the auditory cortex, single unit recordings 

in rabbits (Kraus and Disterhoft, 1982) and neuroimaging techniques during delay 
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conditioning in the human (Molchan et al., 1994) revealed that this cortical area 

experiences learning-related modifications during eyeblink conditioning. 

 

The somatosensory CS pathway has been less studied and little is known about the 

implicated neural structures. A few studies proposed that vibratory or weak electrical 

stimuli conditioning depends on the middle cerebellar peduncle (Solomon et al., 1986; 

Lewis et al., 1987; Hesslow et al., 1999). Interestingly, more recent investigations paid 

attention to the involvement of the primary somatosensory cortex (S1) during eyeblink 

conditioning. Thus, results based on c-Fos immunoreactivity reported significant c-Fos 

production in somatosensory cortex in conditioned animals, proposing that cortical 

areas among other brain structures process associative learning (Jiménez-Díaz et al., 

2006). Furthermore, using vibrissa stimulation as an effective CS showed that trace 

eyeblink conditioning induced a learning-dependent row-specific expansion of cortical 

barrels (grid-like array of neurons and glial cells in S1 representing the vibrissa area) in 

rabbits, whereas cortical barrel lesions impaired eyeblink conditioning, proposing S1 as 

a site for long-term memory storage (Gálvez et al., 2006, 2007). Moreover, direct 

electrical stimulation of S1 through intracortical microstimulation (Leal-Campanario et 

al., 2006) or transcranial stimulation (Márquez-Ruiz et al., 2016) could successfully 

substitute for vibrissa stimulation during classical conditioning in behaving rabbits. 

These results together with the finding that direct neuromodulation of S1 modified the 

acquisition of associative learning in rabbits (Márquez-Ruiz et al., 2012), provide little 

information about the underlying somatosensory CS pathway, but propose the 

involvement of the sensory cortex during the acquisition of conditioned eyeblink 

responses.  

 

With regard to the visual cortex, similar to the auditory CS pathway, decortications or 

lesions of the visual cortex did not block the acquisition or retention of visual eyeblink 

conditioning (Hilgard and Marquis, 1935; Oakley and Russell, 1977; Mauk and 

Thompson, 1987; Hesslow, 1994). Succeeding investigations in rabbits proposed a 

visual CS pathway consisting of the lateral geniculate nucleus, superior colliculus, 

visual cortex and pretectal nuclei. However, only the combined lesion of all these areas 

could completely abolish acquisition of a visual eyeblink conditioning (Koutalidis et al., 

1988). Recent studies considered a possible pathway consisting of inputs from the 

ventral lateral geniculate nucleus and nucleus of the optic tract to the medial basilar 
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pons and its projection to the cerebellar cortex and anterior IP (Halverson and Freeman, 

2010a). Remarkably little attention has been paid to the role of the primary visual 

cortex (V1) during the acquisition process of classical eyeblink conditioning using light 

stimulation as CS. Just recently, visual cortex lesions were shown to impair long-delay 

and trace conditioning of eyeblink responses (Steinmetz et al., 2013), and first evidence 

for a learning-related activation of V1 during trace eyeblink conditioning resulted from 

a functional magnetic resonance imaging (fMRI) study performed in rabbits (Miller et 

al., 2008). However, direct measures of V1 activity and reversible V1 modulation 

during eyeblink conditioning are required to provide more information about the role of 

V1 throughout the associative learning process. 

   

 

1.5. Neuronal activity during motor learning 

 

Animals and human beings have a remarkable capacity for learning novel motor skills 

through their interaction with the environment. However, new motor skills cannot be 

acquired by a fixed neural control system. Thus, sensorimotor control systems must 

constantly adapt over a lifetime. How might this occur? An attractive idea, proposed by 

the psychologist Donald Hebb (1904 – 1985), is that: ‘When an axon of cell A is near 

enough to excite a cell B and repeatedly or persistently takes part in firing it, some 

growth process or metabolic change takes place in one or both cells so that A’s 

efficiency as one of the cells firing B, is increased.’ (Hebb, 1949). In other words, 

neuronal connections are strengthened when pre- and post-synaptic elements at a 

synapse are active together, i.e., when the activity of one neuron repeatedly causes, or 

contributes to, the firing of another neuron, the synapse between them is intensified. 

This called Hebb’s rule is supposedly describing how memories are formed in the brain 

based on the described mechanism usually termed long-term synaptic plasticity. These 

long-lasting changes have been repeatedly approached by experimentally induced long-

term potentiation (LTP) or long-term depression (LTD) in synaptic strength. Thus, 

Bliss and colleagues discovered that a few seconds of high-frequency electrical 

stimulation could enhance synaptic transmission in the rabbit hippocampus for days or 

even weeks (Bliss and Gardner-Medwin, 1973; Bliss and Lømo, 1973). It is commonly 

accepted that LTP involves usually the activation of NMDA receptors (Collingridge et 

al., 1983; Harris et al., 1984). However, recent studies indicated the involvement of 
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several additional receptors (Gruart et al., 2015). Moreover, one molecule, the brain-

derived neurotrophic factor (BDNF), has aroused particular interest in studies of 

plasticity and is intimately involved in LTP-like plasticity processes (Akaneya et al., 

1997; Lu, 2003). 

 

If synaptic connections could only be enhanced and never attenuated, synaptic 

transmission would rapidly saturate – the strength of the synaptic connection might 

reach a point beyond which further enhancement is not possible. This led to the 

suggestion that neurons must have mechanisms to down-regulate synaptic function to 

counteract LTP. In fact such an inhibitory mechanism, termed LTD, was first 

discovered in the cerebellum and induced by conjunctive low-frequency stimulation of 

parallel fibers and climbing fibers in the cerebellar cortex (Ito and Kano, 1982; Ito et al., 

1982). Moreover, LTD occurring at the synapses of parallel fibers and Purkinje cells 

has been proposed as a primary cellular mechanism for motor learning (Mauk et al., 

1998; Ito, 2000; Hirano, 2014), including classical eyeblink conditioning (Medina et al., 

2000; Koekkoek et al., 2003). Surprisingly, many forms of LTD also require activation 

of NMDA receptors (Desmond et al., 1991; Calabresi et al., 1992; Mulkey and 

Malenka, 1992).  

 

Since the discovery of long-term synaptic plasticity, numerous studies have confirmed 

repeatedly that these specific neuronal changes underlie different forms of learning, 

such as learning of a new motor skill (Rioult-Pedotti et al., 1998, 2000) or classical CRs 

(Aiba et al., 1994; Shibuki et al., 1996; Gálvez et al., 2006; Gruart et al., 2006). In 

addition, it has been shown that all phases of classical eyeblink conditioning are 

dependent on de novo protein synthesis (Inda et al., 2005) and that structural plasticity 

occurs in the neocortex during eyeblink conditioning, demonstrating learning-

dependent spine proliferations in the sensory cortex during training (Chau et al., 2014) 

 

 

1.6. External modulation of neuronal activity during learning 

 
 

For many years already the human has been remarkably fascinated by the idea of 

modulating learning, especially to improve or recover learning by modifying the 

neuronal activity. In recent decades, numerous researchers have been enthusiastic about 
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the method of inducing electric fields in the brain to alter learning by using different 

forms of non-invasive brain stimulation techniques. Since Barker mentioned in 1985 

the presentation of electromagnetic pulses – produced by means of a magnetic field 

generator or ‘coil’ – to the cerebral cortex resulting in the induction of a focused 

electric field in the brain tissue, the technique termed transcranial magnetic stimulation 

(TMS) has experienced a rapid increase of applications to study cognition, motor 

function, as well as neurologic and psychiatric disorders (Hallett, 2000; Wassermann 

and Lisanby, 2001; Gershon et al., 2003; Rossi and Rossini, 2004). TMS is capable of 

generating electric fields with sufficient magnitude and density to depolarize neurons, 

but also presents neuromodulatory capacities when pulses are applied repetitively 

(repetitive TMS – rTMS) at subthreshold intensities (Rossi et al., 2009). Besides TMS, 

another technique based on the application of weak current through the scalp showed to 

induce changes in neuronal excitability mainly of the underneath lying neurons 

(Nitsche et al., 2008; Brunoni et al., 2012), though the electric field is more broadly 

distributed in the brain compared to TMS (Salvador et al., 2015). One specific form of 

electric current stimulation based on applying continuous weak currents through the 

scalp (Nitsche and Paulus, 2000) and termed transcranial direct current stimulation 

(tDCS) has been intensively studied in the last years. Despite the different modes of 

action, prolonged application of both rTMS and tDCS can induce after-effects on the 

excitability of neurons lasting minutes or even hours (Nitsche and Paulus, 2000; Iyer et 

al., 2003; Peinemann et al., 2004; Di Lazzaro et al., 2012; Márquez-Ruiz et al., 2012; 

Kuo et al., 2013; Koo et al., 2016). In the same manner, tDCS has been successfully 

used to modulate non-invasively learning processes (Reis et al., 2008; Bolognini et al., 

2009; Reis and Fritsch, 2011; Ammann et al., 2016). Recently, more complex 

paradigms of transcranial current stimulation have been developed that rely on 

modulating current intensity rather than utilizing a constant current (Antal and 

Herrmann, 2016). The most widely used of these forms are transcranial alternating 

current stimulation (tACS) (Marshall and Binder, 2013; Márquez-Ruiz et al., 2016) and 

random noise stimulation (tRNS) (Terney et al., 2008; Paulus, 2011). tACS seems to 

interact with ongoing cortical oscillations enhancing, or reducing, the activity at 

specific electrocortical frequencies and their potentially related functions (Antal et al., 

2008a; Fröhlich and McCormick, 2010; Kanai et al., 2010; Feurra et al., 2011; Schmidt 

et al., 2014). In turn, tRNS is a special form of tACS based on using alternating 

currents in a frequency spectrum generally between 0.1 Hz and 640 Hz. Recent studies 
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have demonstrated the modulatory effects of tRNS on cortical excitability and motor 

learning, similarly to rTMS and tDCS (Terney et al., 2008; Prichard et al., 2014). 

 

The present study made use of tDCS to modulate cortical excitability with the purpose 

of investigating the role of the cerebral cortex during classical eyeblink conditioning. 

The following sections will focus on introducing the general aspects of this method, the 

underlying mechanisms, and its implication in learning.   

 

 

1.7. Transcranial direct current stimulation (tDCS) 

 

The historical origins of using electrical stimulation on tissue and for therapy follow the 

history of the discovery of electricity itself. Thus, in 43 – 48 AC Scribonius Largus 

used electro-sensitive animals such as the torpedo fish to deliver a strong direct electric 

current over the scalp of a patient with the purpose reducing headache pain (Priori, 

2003). However, it was during the mid-18
th

 century when the concept of electricity 

inspired more and more experimenters. The milestone experiments performed by Luigi 

Galvani (1737 – 1798) and Alessandro Volta (1745 – 1827), contributing to the 

discovery of bioelectricity and the generation of electricity through a voltaic pile 

(Galvani, 1791; Mauro, 1969; Boller et al., 1989), initiated the application of electricity 

in form of galvanic or direct currents as a treatment for various clinical conditions, 

particularly for mental disorders. Galvani’s nephew Giovianni Aldini (1762 – 1834) 

was one of the first in applying a voltaic cell for transcranial brain stimulation (Figure 

1.4) and reported successful treatment of patients suffering ‘melancholic insanity’ 

(Priori, 2003).  

 

Many other researchers over the past two centuries made extensive use of the 

transcranial application of direct currents for the treatment of various disorders, 

obtaining variable results. However, just recently the technique of using low-intensity 

currents experienced resurgence in the field of basic and clinical research and for 

therapeutic applications, showing the ability to modulate cortical functions of the brain 

(Priori et al., 1998; Nitsche and Paulus, 2000). tDCS uses a low-intensity (usually 1 – 2 

mA) constant current, applied directly to the head via two or more big size electrodes, 

which partially penetrates the skull and enters the brain (Miranda et al., 2006, 2013). 
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Figure 1.4 First experimental treatment of mental disorders with galvanic currents applied on 

the scalp by Giovanni Aldini in 1804. Patients undergoing brain polarization with different 

electrode positions on the scalp connected to a voltaic cell (top). Polarization of two recently 

deceased patients connected directly (left) or by saline solution (right) to a voltaic cell. Taken 

from Priori, 2003.  

 

 

The size of the electrode, together with the applied intensity, determines the current 

density administered to the skull, which is an important parameter directly related to the 

strength of the electric field (Nitsche et al., 2008). tDCS can be applied with two 

different polarities, i.e., anodal or cathodal currents. Commonly assumed and as already 

demonstrated by neuronal recordings of early animal studies applying DC currents 

(Creutzfeldt et al., 1962; Bindman et al., 1964), anodal tDCS leads to an increase of 

neuronal excitability of the cerebral cortex underlying the active electrode, whereas 

cathodal tDCS, where the current direction is reversed, induces an excitability decrease 

(Nitsche and Paulus, 2000; Liebetanz et al., 2002; Nitsche et al., 2003a; Márquez-Ruiz 

et al., 2012). This initial promising finding, the easy and mainly well-tolerated 

application and the ability to induce long-lasting after-effects (Nitsche and Paulus, 2000, 

2001; Batsikadze et al., 2013; Kuo et al., 2013) have resulted in an explosion of 

investigations in motor (Boggio et al., 2006a; Galea and Celnik, 2009; Reis et al., 2009; 

Hummel et al., 2010; Galea et al., 2011; Jayaram et al., 2012; Hardwick and Celnik, 

2014; Cantarero et al., 2015), cognitive (Fregni et al., 2005; Marshall et al., 2005; 

Andrews et al., 2011) and perceptual domains using tDCS (Antal et al., 2004a; Ragert 

et al., 2008; Barbieri et al., 2016).  
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1.7.1. Basic mechanisms underlying tDCS 

 

Although there is increasing interest for using tDCS as a non-invasive neuromodulation 

technique, little is known about the molecular and/or cellular mechanisms underlying 

its effects (Márquez-Ruiz et al., 2012). It must be taken into consideration that the net 

effect of tDCS depends on the stimulated brain region (Dieckhöfer et al., 2006), the 

number of tDCS sessions (Monte-Silva et al., 2013), the applied current intensity 

(Batsikadze et al., 2013) and the brain state (Silvanto and Pascual-Leone, 2008; Krause 

and Cohen Kadosh, 2014), among other parameters. tDCS is commonly defined as a 

‘subthreshold’ or ‘neuromodulatory’ stimulation technique, since tDCS does not 

produce sufficient depolarization of the underlying neurons which would elicit action 

potentials (Nitsche et al., 2005). To understand the physiological mechanisms 

underlying these effects, it is important to dissociate: a) the immediate tDCS effects 

observed in cells exposed to simultaneous exogenous electrical fields and b) effects 

mediated by protein modifications requiring longer stimulation periods, lasting for 

several minutes after tDCS application.  

 

From a physical point of view, immediate effects are elicited when an external electric 

field causes displacement of intracellular ions, thus altering the internal charge 

distribution and modifying neuronal membrane potential (Ruffini et al., 2013; 

Márquez-Ruiz et al., 2014), characterized by regions of depolarization and 

hyperpolarization across the neuron (Figure 1.5).  

 

Thus, both polarities, anodal and cathodal, induce depolarization and hyperpolarization 

at the same time depending on the neuron’s segment (Rahman et al., 2013, 2014; 

Kronberg et al., 2017). Animal studies have shown both neuronal morphology (Radman 

et al., 2009) and axonal orientation (Kabakov et al., 2012) are critical aspects to 

consider when explaining tDCS-induced responses, since the maximal effects occur 

when electric fields are applied parallel to the somato-dendritic axis (Bikson et al., 

2004). Beyond these somatic changes produced in presence of the exogenous field, 

animal studies have also demonstrated the importance of presynaptic effects during 

current application (Kabakov et al., 2012; Márquez-Ruiz et al., 2012; Bikson and 

Rahman, 2013).  
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Figure 1.5 Simplified immediate tDCS effects on neuronal excitability. An inward current flow 

under the anode induces a somatic depolarization and a generic increase in excitability and 

function. Note that at the same time apical dendrites are hyperpolarized. On the other side, an 

outward current under the cathode produces a somatic hyperpolarization and a generic decrease 

in excitability and function. Note that in this case apical dendrites are depolarized. This figure 

shows that tDCS polarity cannot be exclusively associated to one direction (increase or 

decrease) of neuronal excitability. Taken from Bikson et al., 2012. 

 

 

Early evidence for long-term effects in response to polarizing DC currents came from 

Bindman and colleagues (1964). Thus, they recorded long-term changes in neuronal 

excitability of the cerebral cortex in rats up to several hours after applying the currents, 

suggesting DC effects on plasticity comparable to LTP (Figure 1.6).  

 

These findings have been confirmed recently by Rohan and colleagues (2015) 

demonstrating that in vivo tDCS enhanced posterior plasticity induction (LTP), eliciting 

long-lasting plastic changes in the hippocampus. Interestingly enough, Kronberg and 

colleagues (2017) applied direct currents in apical and basal dendritic compartments at 

Schaffer collateral synapses in CA1 of rat hippocampal slices concurrently with 

plasticity induction protocols (LTP/LTD). The authors showed that both anodal and 

cathodal currents acted as modulators of synaptic plasticity resulting in plasticity biased 

towards potentiation (i.e., LTP was enhanced and LTD was reduced, depending on the 

dendritic location). 
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Figure 1.6 Long-term effects on neuronal excitability induced through polarizing anodal 

currents. Extracellular unitary recordings show neuronal activity (number of spikes in 10 sec) 

before and after passage of surface current in the exposed sensory cortex of an anaesthetized rat. 

The upper panel illustrates recording traces of a neuron immediately before (A) and 1h 20 min 

after (B) the end of polarization. Taken from Bindman, 1964. 

 

 

Long-term effects as measured indirectly in human studies (recording motor evoked 

potentials, MEPs, elicited by transcranial magnetic pulses over MC) are mediated by 

NMDA and γ-aminobutyric acid type A (GABAA) receptors (Stagg and Nitsche, 2011). 

Animal studies have confirmed the involvement of NMDA receptors and BDNF 

(Fritsch et al., 2010; Rohan et al., 2015; Podda et al., 2016) for the long-term effects 

observed after anodal tDCS, and adenosine A1 receptors (Márquez-Ruiz et al., 2012) 

after cathodal tDCS. Finally, the involvement of glial cells, and astrocytic Ca
2+

 surges 

in particular, has been recently related to anodal tDCS effects through astrocytic 

Ca
2+

/IP3 signaling (Monai et al., 2016). Thus, tDCS effects might not exclusively act 

through the induction of LTP/LTD-like processes, but rather through the modulation of 

the homeostatic cellular background regulating the intensity and direction of synaptic 

plasticity (Cirillo et al., 2017). Together, all these findings give strong rationale for the 

use of tDCS for learning protocols to modulate behavior, since LTP/LTD-like 

processes and DC-stimulation effects may share some common molecular substrates. 
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1.8. tDCS and learning 

 

As previously mentioned, numerous researchers based their investigations on the 

neuromodulatory effect of tDCS addressing the question whether such intervention 

could be behaviorally relevant, i.e., capable of modulating learning and memory. Since 

neuronal plastic modifications of synaptic connections are thought to underlie learning 

and memory formation (see section 1.5), it seems plausible that learning acquisition and 

memory consolidation could be modified by tDCS. Thus, improvement of memory and 

learning processes in healthy people (Reis et al., 2008), in patients recovering 

deteriorated learning abilities after brain lesions (Wessel et al., 2015), and in patients 

with neurological diseases (Broeder et al., 2015) are being investigated extensively in 

both basic and clinical research studies. To make mention of a few examples, tDCS of 

the prefrontal cortex resulted in improved cognitive functions such as working memory 

in healthy and neurologically-affected subjects (Fregni et al., 2005; Boggio et al., 

2006b; Ohn et al., 2008; Jo et al., 2009; Andrews et al., 2011; Orlov et al., 2016). On 

the other hand, tDCS applied over speech-related cortical areas enhanced language 

learning in healthy and nonfluent aphasic subjects (Flöel et al., 2008; Fiori et al., 2011; 

Meinzer et al., 2014). In fact, there is a long list of tDCS investigations showing 

interesting results from learning studies but probably one of the most extensively 

studied forms of learning in combination with the application of electrical currents is 

motor learning (Ammann et al., 2016; Buch et al., 2017).  

 

Motor learning encompasses various forms of learning including, but not exclusive to, 

error-based, reinforcement, use-dependent plasticity and cognitive strategies (Krakauer 

and Mazzoni, 2011), each likely involving different neuronal substrates. It becomes 

more complicated given that these forms of learning likely all contribute to the learning 

process when acquiring a new skill (Kitago and Krakauer, 2013). To mention a few 

interesting findings, simultaneously applied anodal tDCS over MC during motor skill 

learning facilitated skill acquisition over several consecutive days of training in healthy 

subjects (Reis et al., 2009; Schambra et al., 2011; Saucedo Marquez et al., 2013). 

Specifically, tDCS promoted between-session improvement (Reis et al., 2009) and 

long-term retention processes (Saucedo Marquez et al., 2013). Regarding motor 

adaptation learning, a recent study applied tDCS to distinct brain regions while 

participants learned a visuomotor rotation task. Specifically, they found cerebellar 
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anodal tDCS resulted in faster reduction of errors caused by a consistent visuomotor 

rotation (Galea et al., 2011; Block and Celnik, 2013), whereas anodal tDCS over MC 

showed a marked increase in retention of the newly learned rotation (Galea et al., 

2011). By using tDCS, this study was able to show an important dissociation in 

acquisition and retention processes related to motor adaptation and further highlighted 

the distinct roles of the cerebellum and MC in this type of learning. 

 

Regarding associative motor learning like classical eyeblink conditioning, for the 

moment only very few human studies have investigated the neuromodulatory properties 

of tDCS to examine its impact on this type of learning. For instance, Zuchowski and 

colleagues (2014) reported modified acquisition and timing of CRs by cerebellar tDCS 

in a polarity-dependent manner. However, a recent study was not able to confirm these 

findings by applying tDCS on the cerebellum (Beyer et al., 2017). Moreover, 

Kotilainen and colleagues (2015) obtained faster acquisition of CRs in a semantic 

discrimination eyeblink conditioning with anodal tDCS over prefrontal cortex, but 

further investigations are required for an accurate interpretation of these results. The 

indications of a possible involvement of MC in the acquisition of CRs (see section 

1.4.1) motivate further testing of tDCS over MC during associative motor learning.  

 

 

1.8.1. Animal models for studying tDCS effects on learning 

 

Although more investigations are needed to provide a better understanding of the 

effects induced by tDCS, its impact on motor learning and use for exploring neural 

substrates underlying motor learning have been demonstrated successfully. In other 

words, the potential of this technique for basic studies and future clinical treatments 

seems promising. However, in order to understand the neuronal mechanisms underlying 

the interaction between weak current application and learning processes, new animal 

models combining tDCS with behavioral tests are needed.  

 

It must be taken into consideration that there are challenging differences in the 

methodology between human and animal model applications of tDCS and that future 

approaches should try to unify tDCS protocols for a better translation of results. Key 

differences between human and animal protocols are the size and relative position of 
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stimulating electrodes, the location of the electrodes in relation to the cerebral tissues 

(transcutaneously, transcranially, or epidurally), and the state (anesthetized or awake, 

constrained or freely moving) of the animal during the tDCS intervention (Márquez-

Ruiz et al., 2014). Additional approaches that have provided fundamental insights of 

the underlying mechanisms of tDCS effects and how the membrane potential of 

neurons is modified are slice preparations (in vitro) (Bikson et al., 2004; Radman et al., 

2009; Rahman et al., 2013).  

 

The methodological challenge in animal models for tDCS protocols is probably the 

main reason for the reduced number of publications examining tDCS effects in the 

learning animal. Regarding classical eyeblink conditioning, Márquez-Ruiz and 

colleagues (2012) demonstrated potentiated or depressed acquisition of CRs produced 

by anodal or cathodal tDCS over S1 of rabbits when stimulation of the whisker pad was 

used as CS (Figure 1.7).  

 

 

 

 

 

Figure 1.7 Effects of tDCS applied over somatosensory cortex on classical eyeblink 

conditioning in rabbits. The evolution of learned eyeblink responses (percentage of CRs) for an 

experimental tDCS group and a control group are represented. The experimental group received 

anodal tDCS during the second conditioning session (C2) and cathodal tDCS during C8. 

Learning acquisition was significantly enhanced through anodal and impaired through cathodal 

tDCS. Modified from Márquez-Ruiz et al., 2012. 
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These findings aroused new insights into the mechanisms underlying associative 

learning, highlighting the potential of tDCS for modulating new behavior acquisition 

and for studying the role of the sensory cortex during eyeblink conditioning. Moreover, 

the results from Márquez-Ruiz and colleagues provide an ideal starting point for 

studying other cortical regions, such as the MC, and their function during this type of 

motor learning. 

 

 

1.9. tDCS and sensory perception 

 

The nature of sensory perception and its complex neuronal processing in the brain and 

particularly the neuromodulation of sensory experience are currently highly 

investigated concepts. Thus, the application of tDCS in humans proved to be capable of 

modulating sensory perception thresholds (Antal et al., 2003; Rogalewski et al., 2004; 

Ragert et al., 2008), as well as pain perception (Boggio et al., 2008; Lefaucheur et al., 

2008; Antal et al., 2008b). Moreover, in regard to pain threshold modulation, a rat 

study showed that a combination of DC:AC current applied through the skin overlying 

the anterior pole of the frontal lobe induced significant anti-nociceptive effects in the 

animals measured by tail-flick and hot-plate tests (Nekhendzy et al., 2004). The 

modulation of somatic perception presents another interesting topic which has been 

addressed by the previously mentioned study from Márquez-Ruiz and colleagues 

(2012). The authors reported amplitude modulation of local field potentials (LFPs) 

recorded in S1 induced by concurrent tDCS over the same brain region, as well as 

polarity-dependent modulation of CRs acquisition when whisker stimulation was used 

as CS. They proposed that tDCS is capable of modulating the intensity of whisker 

perception. The same group demonstrated that natural whisker perception could be 

substituted by synthetic tactile perception induced through tACS applied over S1 in 

behaving rabbits (Márquez-Ruiz et al., 2016). Since earlier studies not only 

demonstrated changes in the S1 excitability after the application of direct currents, but 

also of visual cortices (Creutzfeldt et al., 1962; Cambiaghi et al., 2011), another 

interesting unanswered question to investigate is whether tDCS applied over V1 in the 

awake animal is capable of modulating visual sensory perception when a light 

stimulation is used as CS in a classical conditioning protocol.  
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1.10. Safety aspects and limitations of tDCS 

 

Undoubtedly, the number of positive findings described in the preceding paragraphs 

highlights the potential use of tDCS for modulation of new behavior acquisition and 

retention, identification of processes underlying learning, and characterization of the 

role of different brain regions. Furthermore, tDCS may have significant clinical 

applications, such as neurological rehabilitation and therapeutic treatment. However, it 

is important to acknowledge that many limitations and experimental challenges of this 

technique must be overcome in future investigations. The low focality inherent to this 

technique (Miranda, 2013), the need for developing new translational-designed animal 

models (Jackson et al., 2016), the considerable variability across findings and 

experimental protocols (Bennabi et al., 2014; Horvath et al., 2014), and subsequently, 

the challenge of reproducing and predicting effects (Wiethoff et al., 2014; Dyke et al., 

2016; Nuzum et al., 2016; Ammann et al., 2017), are only some of the known 

limitations of tDCS.    

 

On the other hand, one of the many advantages, tDCS is considered a well-tolerated 

technique (Brunoni et al., 2012; Bikson et al., 2016), but caution is always required 

with an investigational tool. Moreover, given that most montages produce current flow 

through more than one brain region, animal models provide an essential tool to increase 

safety confidence and identify hazards before applying tDCS at higher intensities or 

with long durations, especially in vulnerable populations (e.g., children). With this in 

mind, a pioneering study was performed by Liebetanz and colleagues (2009) to address 

possible harmful effects of higher intensities and longer durations of cathodal tDCS 

applied over the rat skull. Their findings show that current densities higher than 14.3 

mA/cm
2
 for durations greater than 10 minutes provoked first DC-induced lesions in the 

cortex. Current densities generally used in clinical studies are in the range from 0.03 to 

0.08 mA/cm
2
 (Nitsche et al., 2008) – more than two orders of magnitude lower than the 

value reported from Liebetanz and colleagues. The authors concluded that tissue 

heating might be the most relevant reason for the observed deleterious effects induced 

by cathodal tDCS. This, in turn, raises the question whether lower current densities of 

tDCS are also capable of warming up the underlying brain tissue, even without 

producing visible lesions. For the moment, the only studies addressing possible 

temperature effects of tDCS on brain tissue are based on the results of computational 
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models (Bikson et al., 2009; Datta et al., 2009). Thus, direct physiological measures of 

the brain temperature during tDCS application are urgently needed, especially to 

confirm that the repeatedly observed effects of tDCS on behavior are not completely or 

in part a result of tissue warming of the brain region underneath the tDCS electrodes.  
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Classical conditioning of eyeblink responses has been extensively studied for more than 

50 years in human (Cason, 1922) and particularly in animal (Gormezano et al., 1962) 

investigations. Given that this type of learning involves the generation of motor 

responses, prior research has been especially focused on characterizing the role of 

movement-related brain areas, such as the cerebellum and the cerebellar nuclei during 

this associative learning (Freeman and Steinmetz, 2011). Surprisingly, little attention 

has been awarded to the role of the MC, despite the knowledge that this brain region is 

a critical neural site involved in the acquisition and performance of new motor abilities 

(Doyon and Benali, 2005; Shmuelof and Krakauer, 2011). Regarding classical eyeblink 

conditioning, there is some evidence from earlier studies pointing towards an 

implication of the MC in the acquisition process of this learning (Woody et al., 1991; 

Aou et al., 1992; Birt et al., 2003). However, a comprehensive characterization of the 

firing activity of MC neurons during classical conditioning has not been accomplished 

yet. A similar situation can be found with respect to other cortical cortex areas and their 

barely-explored role during the learning of CRs.  

 

For these reasons the general aim of this study was to examine and characterize 

cortical activity and its contribution to the acquisition of classical conditioned eyeblink 

responses. For this purpose, the following specific objectives were addressed 

experimentally:  

 

1. Characterize the firing activity of identified neurons in the MC during the 

acquisition of classical eyeblink conditioning and investigate MC projections to 

specific nuclei involved in motor responses of the orbicularis oculi muscle. 

 

2. Underline the importance of the MC during eyeblink conditioning by taking 

advantage of tDCS techniques to modulate the MC excitability during the 

associative learning process.  

 

3. Explore the contribution of the sensory cortex in classical conditioning of 

eyeblink responses through describing the impact of tDCS on V1 during 

learning and by comparing with the effects obtained from previously performed 

MC modulation.  
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4. Continuously measure epidural brain temperature below the tDCS site during 

and after prolonged exposure to transcranial direct currents to rule out that 

tissue heating induced by tDCS interfered with the observed effects on learning. 
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3.1. Animals 

 

All experiments were carried out on adult rabbits (New Zealand White albino, from 

Isoquimen, Spain) weighing 2.3 - 2.7 kg upon arrival. Before and after surgery, animals 

were maintained in the same room but placed in independent cages. Animals were kept 

on a 12 h light/dark cycle and with a continuous control of humidity (55  5 %) and 

temperature (21  1 ºC). Food and water were available ad libitum. All experiments 

were performed in accordance with Spanish (BOE 34/11370-421, 2013) and European 

Union (2010/63/EU) guidelines for the use of laboratory animals in chronic 

experiments. In addition, these experiments were submitted to and approved by the 

local Ethics Committee of Pablo de Olavide University (Seville, Spain). 

 

 

3.2. Experimental preparation  

 

3.2.1. Experimental groups 

 

The present Doctoral Thesis studied the role of the cerebral cortex during classical 

conditioning of eyelid responses in the awake rabbit. A total of four experiments were 

carried out. The first experiment (Experiment 1, n = 10) served to characterize MC 

neuronal activity using extracellular single-unit recordings with glass micropipettes 

during classical eyeblink conditioning and to identify different groups of MC neurons 

antidromically activated from the contralateral facial nucleus (FN) or the ipsilateral RN 

related to associative learning. Moreover, injections with a neuronal tracer were carried 

out to explore possible monosynaptic projections from MC to FN. In a second series of 

experiments, modulation of MC excitability was examined using non-invasive tDCS 

which was performed by passing electrical currents through a silver chloride (Ag/AgCl) 

disc electrode placed over the MC skull during learning (Experiment 2, n = 6). 

Moreover, to explore the contribution of the sensory cortex to the mentioned learning 

process and to compare with MC modulation results, electrodes for visual evoked 

potential (VEP) recording and tDCS application were placed over V1 (Experiment 3, 

n = 3). Finally, to rule out that tissue heating induced by the transcranial stimulation 

underlies the observed tDCS effects epidural thermal variations of the transcranially 
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stimulated site were measured by implanting a Negative Temperature Coefficient 

(NTC) thermistor below the tDCS electrodes (Experiment 4, n = 3). 

 

3.2.2. Preoperative and anesthesia 

 

The animals fasted for 12 hours prior to surgery. The day of surgery they received a 

protective injection of atropine sulfate (0.5 mg/kg) to prevent unwanted vagal responses. 

After that, animals were anesthetized via intramuscular injection with a mixture of 

ketamine (50 mg/mL, Imalgene, Merial Laboratorios, Spain) and xilazine (20 mg/mL, 

Rompun, Bayer, Germany) at an initial dosage of 0.85 mL/kg. Once anesthetized, the 

upper part of the head, part of the nape and the lower edges of the ears were shaved and 

disinfected with an antiseptic solution (Betadine®, Mundipharma GmbH, Germany). A 

local anesthesia (EMLA® Cream, AstraZeneca, Germany) was applied on the ear’s 

edges and a flexible cannula (Abbocath®) was introduced in the vein, in general, of the 

right ear to establish a controlled intravenous flow (10 mg/kg per h) of anesthesia for 

surgery. A temperature probe was inserted rectally and coupled with a temperature 

control system (TR-200, Fine Science Tools INC., Germany) for retro-alimentation of a 

heating pad placed under the animal. In this way, body temperature was kept constant 

at physiological values during the surgery. Afterward, the head of the animal was fixed 

to the stereotaxic apparatus (Model 1240, David Kopf Instruments, CA, USA) by 

means of zygoma clamps, adjustable tooth bar and a nose clamp. Surgical material and 

area were sterilized before use.  

 

An anteroposterior (AP) incision in the skin along the midline of the head, from the 

front leading edge to the lambdoid suture, was performed. The skull was exposed by 

retracting the muscles. Subsequently, the periosteum of the exposed surface of the skull 

was removed and washed with Ringer solution at 38 °C. The animal’s head was 

correctly positioned to mark the position of Bregma and Lambda as stereotaxic cero. 

With the help of an alignment tool for rabbits (Model 1244, David Kopf Instruments, 

CA, USA), a depth difference of 1.5 mm (∆P (β-λ) = 1.5 mm) between Bregma y 

Lambda was established. The stereotaxic-cero marks served as reference points for the 

correct placement of stimulating and recording electrodes, taking advantage of the 

stereotaxic coordinates of the Rabbit Atlas (Girgis and Shih-Chang, 1981).  
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3.2.3. Implantation of stimulation electrodes 

 

Experiment 1: To identify antidromically the MC neurons, bipolar stimulating 

electrodes were implanted in the ipsilateral RN and in the contralateral FN in one group 

of animals (n = 7; Figure 3.1). These electrodes were manufactured with varnished 

silver wires (0.2 mm, California Fine Wire Company, CA, USA). Two 65 mm-long 

segments of wires were stretched and glued together with cyanoacrylate (Loctite®, 

Henkel AG & Co. KGaA, Germany) cutting a bevel at one end to allow penetration of 

the electrode into the tissue. The glued and cut silver cables were connected to a 

stainless steel needle for better attachment of the electrode to a micromanipulator.  

 

 

 

 

Figure 3.1 Stimulation and 

recording sites for 

Experiment 1. Schematic 

presentation of stimulating 

electrodes in contralateral 

red nucleus (cRN) and 

ipsilateral facial nucleus 

(iFN) with respect to the 

trained eye (left) during 

classical conditioning, and 

recording site at 

contralateral motor cortex 

(cMC) by the use of glass 

micropipettes. Animals 

were chronically implanted 

with EMG recording 

bipolar hook electrodes in 

the left orbicularis oculi 

muscle (EMG O.O.).  

 

 

 

Prior to electrode implantation, a hole was drilled in the skull with a dental drill (NSK 

Volvere max, Nakanishi Inc., Japan) according to the stereotaxic coordinates obtained 

from the atlas (Girgis and Shih-Chang, 1981). The coordinates were 8.5 mm AP to 

Bregma and 1.5 mm lateral (L) for RN and 3.6 mm AP to Lamdba and -2.0 mm L for 

FN. With respect to FN location the electrode was introduced with an angle of 20º AP 
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and 5º L to avoid the intersection of the dural venous sinuses. The dura mater was 

removed using a sterile needle and the electrodes were carefully introduced. The 

approximate depth was obtained from the atlas, whilst the precise depth of the electrode 

(DepthRN = 13.0 mm; DepthFN = 15.0-17.0 mm) was achieved by observing the 

maximum response of eyelid movement induced by bipolar electrical stimulation using 

square pulses of 50 µs duration and intensities of 1.2 ± 0.3 mA (mean ± standard error 

of the mean - SEM, n = 7) applied to the corresponding electrode. Finally, the 

electrodes were fixed to the skull using dental cement (Duralay, Dental Mfg.Co., IL, 

USA).     

 

3.2.4. Implantation of tDCS electrodes 

 

Experiment 2 – 4: In rabbits, as opposed to humans, the skin overlying the cranium is 

highly movable with respect to the underlying bones. For this reason, tDCS was applied 

through electrodes placed directly over the skull. Different types of stimulating 

electrodes were used for tDCS stimulation. For Experiment 2 and 4 tDCS was carried 

out using a prefabricated silver chloride disk electrode (Ag/AgCl, 0.5 cm
2
, ø 8 mm, 1 

mm thickness, A-M Systems, Germany), whilst for Experiment 3 a precisely focused 

active stimulating electrode (Márquez et al., 2012, 2016; Ruffini et al., 2014) was 

manufactured consisting of four silver-ball electrodes. A 380 μm silver wire (A-M 

Systems, Germany) was cut into pieces of different lengths and one end of each piece 

was burned with a lighter until a ball (ø 1 mm) was formed. Finally, the electrodes 

showed lengths between 4 and 7 cm. In order to insulate the wire, the electrode was 

introduced into a flexible tubing (Silicone Tubing, A-M Systems, Germany) with an 

inside diameter of 500 µm, exposing both ends. For correct placement of each silver-

ball electrode, a small mark was made on the skull (according to the stereotaxic 

coordinates) using the dental drill. Once the marks were obtained, the four silver-ball 

electrodes were placed symmetrically 2 mm distanced from the corresponding 

coordinate point (AP = 10.0 mm, L = -7.0 mm for V1; Polyanskii et al., 2010). 

Subsequently, the electrodes were fixed carefully with cyanoacrylate and dental cement 

to the skull in order to ensure that no liquids seeped under the electrodes.  

 

In case of the silver chloride disk electrode, the electrode was placed on the skull only 

throughout the experimental sessions. For this, during surgery, a plastic tube (ø 8 cm, 8 
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mm length) was fixed vertically with cyanoacrylate to the skull according to the 

stereotaxic coordinates. For Experiment 2 (n = 6) and 4 (n = 3) the tube was placed on 

MC (AP = -2.0 mm, L = 2.0 mm; Pacheco-Calderón et al., 2012), filled with gauze and 

plugged with a plastic piece to avoid the skull becoming dirty throughout the days 

without experiments. During experiments the silver disk electrode was inserted with 

electro-gel in the plastic tube for tDCS application.  

 

3.2.5. Implantation of electrodes for recording the electroencephalographic (EEG) 

activity 

 

Experiment 3: For EEG recording of VEPs four silver-ball electrodes (1 mm ø, A-M 

Systems, Germany) were placed epicranially above V1 (AP = 10.0 mm, L = -7.0 mm. 

The complete procedure for fabrication and placement of the silver-ball electrodes is 

explained in the previous section 3.2.4.  

 

3.2.6. Implantation of electrodes for electrical activity recording of the orbicularis 

oculi 

 

Experiment 1 – 3: For classical conditioning of eyelid responses the animals were 

equipped with implanted recording bipolar hook electrodes in the left orbicularis oculi 

muscle for evaluation of the CRs. These electrodes were made of 7-strands Teflon-

coated stainless-steel wire (A-M Systems, Germany) with an external diameter of 50 

μm (bared), 6 cm long and bared ~ 1 mm at the tip. Before implantation in the 

orbicularis oculi muscle, one end of the wire strands was fanned and folded as a hook 

in order to maximize muscle attachment. The prepared wire was inserted into the 

muscle with the aid of a syringe needle (21 G) which served as a guide during the 

procedure.   

 

3.2.7. Access to recording sites  

 

Experiment 1: Animals were prepared for chronic extracellular recording of unitary 

activity in the MC area during classical eyeblink conditioning (Figure 3.1). For this, 

under septic conditions, a window (6 mm x 4 mm) was drilled through the parietal bone 

centered on the right MC region (AP = -2.0 mm, L = 2.0 mm) corresponding to the 
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eyelid area (Pacheco-Calderón et al., 2012). The window was carefully cleaned with 

Ringer solution at 38 ºC and traces of dust and bone fragments were removed. A sterile 

stainless-steel needle (21G) with a curved tip was fixed with dental cement in the 

central area of one window border (the closest to the midline of the skull) serving as 

stereotaxic reference point throughout the recording sessions. A recording chamber 

around the window was constructed with dental cement which covered the excavated 

bone edges. The dura mater was maintained intact and, between the experimental 

sessions, the surface was protected with an inert silicone cover (Silastic®, BioPlexus 

Corporation, CA, USA) and sterile gauze on which a small amount of antibiotic 

(Gentamycin 0.3%) was applied. Finally, the hole was sealed by a layer of bone wax 

(Ethicon®, Johnson & Johnson Intl., NJ, USA).  

 

3.2.8. Placement of reference electrodes 

 

Experiment 1 – 3: A silver electrode in contact with the dura mater was attached to the 

left parietal bone as electrical reference point for extracellular unitary-activity 

recordings (Experiment 1) and, in case it was necessary, for EMG recordings 

(Experiment 1-3). The electrode was prepared with silver wire (0.65 mm) forming a 

loop at one end to facilitate posterior grasping by the amplifier equipment. The opposite 

end of the electrode was braided and filed to avoid damaging the dura mater. A hole 

was drilled in the left parietal bone with the coordinates AP = 10.0 mm and L = -6.0 

mm (except for animals of Experiment 3 where the hole was made on the right side to 

avoid interference with the silver-ball electrodes for tDCS). The reference electrode 

was carefully introduced in the hole and fixed to the skull with dental cement.     

 

 

3.2.9. Implantation of epidural NTC thermistor for brain temperature measurement  

 

Experiment 4: In the last group of animals (n = 3), the brain temperature was 

measured to examine epidural thermal variations of the transcranially-stimulated site 

during and after prolonged tDCS. With this in mind, a NTC thermistor (10 Ω of 

resistance, ø 2.41×6.5mm, Series B57863S, EPCOS, Germany) was implanted in the 

epidural space of MC. For implantation a hole (ø 2 mm) was drilled in the frontal bone 

10 mm apart from the transcranial stimulation site and, thereby, the NTC was 
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horizontally introduced along the inferior side of the skull without damaging the dura 

mater. Previously, the distance from the drilled hole to the corresponding MC 

coordinates (AP = -2.0 mm, L = 2.0 mm) was measured and marked with an indelible 

marker on the NTC wires to determine the depth the NTC had to be introduced in the 

hole to end up directly above the MC. Finally, the hole was carefully closed with dense 

dental cement to protect the intracranial space.     

 

3.2.10. Implantation of the head-holding system and connectors 

 

Experiment 1 – 4: The stimulating and recording electrodes (Experiment 1 – 3), as 

well as the NTC thermistor (Experiment 4) were soldered to a 9-pin socket placed on 

the frontal part of the animal’s head. In all animals (except in the animals used for 

immunohistology) a head-holding system was implanted, consisting of three bolts (20 

mm long, ø 2 mm) cemented to the skull perpendicularly to the stereotaxic plane 

(Figure 3.2, number 1). One bolt was placed above the frontal bone to the right of the 

cranial midline and the other two were placed above the parietal bone on each side of 

the midline. To obtain solidity for the whole head-holding system, five stainless-steel 

screws with blunt end (5 mm long, ø 2 mm) were fixed to the skull and interconnected 

with themselves, with the skull and with the three bolts using dental cement. A single 

dental cement turret attached to the skull was constructed holding the restraining 

system of the head, the multiple electrodes, the recording chamber (Experiment 1) and 

the 9-pin socket soldered with the electrode terminals. Finally, the edges of the skin 

around the turret were closed by stitches in the front and rear end of the incision and an 

antiseptic and healing ointment (Blastoestimulina®, Almirall Prodesfarma S.A., Spain) 

was applied on the wounds.  

 

3.2.11. Injection of neuronal tracers 

 

Experiment 1: One group of animals (n = 3) was used for injection of the anterograde 

neuroanatomical tracer biotinylated dextran amines (BDA) with the purpose of marking 

possible MC-efferent axonal projections in the FN, specifically in the orbicularis oculi 

region. First, a hole (ø 2 mm) was drilled in the skull according to the MC coordinates 

(AP = -2.0 mm, L = 2.0 mm). Subsequently, a 10 μl microsyringe (Hamilton®, NV, 

USA) was filled with 9 μl BDA tracer and situated on the micromanipulator arm 
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according to the MC coordinates. The dura mater was carefully removed using a 

bended needle. The microsyringe was lowered until touching the surface of the cortex 

and from this point it was introduced 3 mm in the brain via the micromanipulator. At 

different points of depth (3, 2, and 1 mm from the brain surface) an amount of 3 μl of 

BDA tracer was injected with a rate of 0.3 μl/min during 10 min in each mentioned 

point. A period of 10 min was established between each injection before ascending to 

the next point of depth so that the injection of a total of 9 μl BDA was completed after 

60 min. The microsyringe was carefully removed and the hole was covered with dental 

cement. Finally, the edges of the skin in the front and rear end of the incision were 

closed with stitches and a healing and antiseptic ointment was applied on the wounds.  

 

3.2.12. Postoperative  

 

Once the surgery was finished, the intravenous cannulation of the ear vein was removed 

and the injection site was covered with sterile gauze attached with tape. To prevent 

infections, 1 ml (1.000.000 U.I.) of Penicillin G Procaine (Penilevel®, Laboratorios 

ERN S.A., Spain) was applied via intramuscular injection. After surgery, the animals 

stayed in their cages for recovery and observation for at least one week.  

 

 

3.3. Experimental procedures 

 

3.3.1. Immobilization of the experimental subject  

 

Experimental sessions began two weeks after surgery. Each animal was placed in a 

Perspex restraining box (Figure 3.2, number 2) designed for limiting animal’s 

movements (Gruart et al., 2000a). The recording room was kept softly illuminated. The 

first two sessions consisted of adapting the animal to both the restrainer and the 

experimental conditions; no stimulus was presented (max. 30 min each session). In a 

third session, the animal was presented to similar conditions but with the head fixed by 

means of the implanted bolts of the head-holding system to an attached arm of the 

recording table. The sessions previous to the experimental sessions served to reduce the 

stress level of the animals and to familiarize them with the experimental conditions. 
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Figure 3.2 Experimental set up for extracellular unitary recording in the awake animal. 1, 

Head-holding system consisting of three bolts attached to the skull by dental cement; 2, Perspex 

restraining box designed for limiting animal’s movements; 3, Glass micropipette filled with 

NaCl attached to holder; 4, NEX-1 preamplifier connected to micropipette and ground; 5, 

Micromanipulator. 

 

 

3.3.2. Identification of the palpebral MC neurons 

 

Experiment 1: To ensure the appropriate recording site for firing activity, bipolar 

stimulation was performed in the region of the supposed coordinates for palpebral MC 

(AP = -2.0 mm, L = 2.0 mm). The aim was to activate multisynaptic pathways resulting 

in the activation of motoneurons related to the orbicularis oculi and to record the 

muscle activation via the implanted electrodes in the eyelid. The electrodes for MC 

stimulating were similar to the implanted electrodes used for stimulation of RN and FN, 

manufactured with varnished silver wires (0.2 mm, California Fine Wire Company, CA, 

USA). For the experiment the animal was placed in the restraining box and positioned 

on the recording table. The head was fixed to the arm of the table, and bone wax, gauze 

and silicone cover sealing the recording window were removed with the aid of a 

surgical microscope (M 400-E, Leica, ©Leica Microsystems, Switzerland). Then, the 

cerebral surface was carefully cleaned with super fine tweezers (#5) without damaging 

the dura mater. The electrode was fixed to a specific holder which, in turn, was attached 
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to the micromanipulator (Model Camberra, Narishige, Japan). On the other end, it was 

connected to an isolation unit (ISU 165, Cibertec, Spain) to adjust scale, intensity and 

polarity of stimulation. The electrode was moved to the coordinates corresponding to 

the palpebral MC. The surrounding dura mater was locally removed before introducing 

the electrode at the point of interest. Then, the electrode was gradually lowered with the 

micromanipulator. First, the applied electrical stimulation consisted of trains of 10 

bipolar square pulses with a pulse duration of 50 μs and frequency of 200 Hz generated 

by a stimulator device (CS-20, Cibertec, Spain). Once contralateral orbicularis oculi 

activation was observed, stimulation was changed to 50 μs bipolar square pulses with a 

frequency of 0.5 Hz. Various EMG activations were recorded and the exact coordinates 

were annotated for posterior extracellular unitary-activity recording experiments.  

 

3.3.3. Recording of extracellular unitary activity and identification of MC neurons 

 

Experiment 1: Extracellular unitary activity of MC neurons was recorded using 

manufactured glass micropipettes (Corning, MA, USA; Figure 3.2, number 3) with an 

external and internal diameter of 3 and 2.5 mm, respectively. The pipettes were 

produced with a glass microelectrode puller (Model PE-2, Narishige, Japan) adjusting 

the parameters to produce pipette tips with an adequate length (~ 20 mm). Subsequently, 

the sealed pipette tips were broken carefully under an optical microscope to obtain tips 

with a diameter between 4 and 5 μm (3 – 5 MΩ of resistance). At the beginning of each 

experimental session the fabricated glass pipettes were filled with 2 M NaCl. The 

animal was placed in the restraining box and positioned on the recording table. The 

head was fixed to the arm of the table and the recording window was cleaned as 

previously explained in section 3.3.2. The micropipette was partially covered with 

aluminum foil to reduce electromagnetic noise and fixed to a specific holder which, in 

turn, was attached to the micromanipulator (Model Camberra, Narishige, Japan). The 

conducting solution of the glass micropipette was connected by a silver wire to a NEX-

1 preamplifier (x100) (Biomedical Engineering, NY, USA; Figure 3.2, number 4) and 

from there to a differential amplifier (x20) (AM 502, Tektronix, OR, USA). The 

previously implanted ground together with the aluminum folder covering the 

micropipette was connected to the preamplifier. Recording was filtered using a 

bandwidth between 1 Hz and 10 kHz. In order to display the signal, it was transmitted 

to an audiomonitor (AUMON 14, Cibertec, Spain), to the acquisition system (1401-plus, 
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CED, UK), to a digital phosphor oscilloscope (TDS 3014C, Tektronix, OR, USA) and 

an analog-digital scope (HM-407, HAMEG Instruments GmbH, Germany). The next 

step was to place the micropipette precisely above the tip of the implanted reference 

needle using the micromanipulator. If the tip of the pipette broke during the procedure, 

it was replaced by a new one. Once the micropipette was adjusted to the coordinates of 

the reference needle, the calculations of approximation to the palpebral MC were 

performed. The insertion angle of the pipette varied between 0 and 5 degrees in the 

lateral axis. Before introducing the pipette at the point of interest, the surrounding dura 

mater was locally removed. Then, the micropipette was gradually lowered with the 

micromanipulator (Figure 3.2, number 5). The extracellular unitary activity recording 

was carried out along depths between few micrometers from the cerebral surface and 

maximum 9 mm.  

 

Antidromic or orthodromic (i.e., synaptic) field potentials were evoked by electrical 

stimulation of RN or FN and served to identify the MC neurons of interest. The applied 

electrical stimulation consisted of 50 μs bipolar square pulses with a frequency of 0.5 or 

0.1 Hz generated by digital stimulator devices (CS-220, CS-20, Cibertec, Spain). Each 

stimulator was connected to an isolation unit (ISU 165, Cibertec, Spain) for scale, 

intensity, and polarity adjustment of stimulation. The applied intensity of RN and FN 

stimulation was, generally, 200% of the individual threshold necessary to induce first 

potential fields, ensuring the generation of action potentials. Criteria to determine 

whether the recorded and the activated neuron were the same, and to discriminate 

somatic vs. axonic recordings, were systematically followed. First, the stimulus 

intensity was reduced to confirm the immediate (and no gradual) disappearance of the 

activation (all or nothing concept of a unitary activation) to rule out that the observed 

activation represented a population field of neurons. Second, it was checked whether 

the latency of the activation was constant over several given stimuli, being a typical 

property of antidromic activations. Finally, a collision test was carried out which 

consisted of providing an electrical stimulus of different time intervals (0.5 – 1.5 ms) 

immediately after a spontaneously occurring action potential of the neuron of interest. 

A window discriminator (PDV 225, Cibertec, Spain) was adjusted to detect these 

spontaneous firings and to generate an electrical stimulus in RN or FN via the Cibertec 

stimulators. In case of an antidromically-activated neuron, the spontaneously occurring 

orthodromic spike collides with and abolishes the electrically activated spike (Lipski, 
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1981), which resulted from the stimulation of RN or FN in this experiment. It is 

important to point out that the method of antidromic identification is biased towards the 

detection of neurons with fast-conducting axons, whereas sub-populations with very 

slow-conducting, nonmyelinated axons (especially present in the neocortex) are often 

missed and not identified (Swadlow, 1998; Firmin et al., 2014).  

 

For proper identification of the recording sites, at the end of all recording sessions 

small electrolytic lesions were carried out in selected places. Lesions were performed 

with the help of tungsten electrodes (1MΩ of resistance) using a direct current at 0.5 – 

1 mA for 10 to 20 s. Once a recording session was finished, the recording micropipette 

was raised and removed. The recording chamber was sterilized and closed again with 

the inert silicone cover, gauze and bone wax. 

 

3.3.4. EEG recording of visual evoked potentials (VEPs) 

 

Experiment 3: The characterization of VEPs in the visual cortex produced through 

light stimulation was carried out by using the same silver-ball electrodes as for tDCS 

application. To select the most representative VEP recording of each animal, thirty 

VEPs were recorded from each of the 4 epicranially-implanted silver-ball electrodes, 

using a NEX-1 preamplifier (x10) (Biomedical Engineering) and a Tektronix AM 502 

differential amplifier. The averaged (n = 30) VEPs recorded from each electrode served 

to select the most appropriate silver-ball electrode which was used along the subsequent 

experimental sessions. The light flashes were generated by a Photic Stimulator 

(GRASS PS33 PLUS, Grass Instruments, MA, USA) placed 12 cm from the right eye 

of the animal. For VEP recording, light stimulation was presented in trains of 20 flashes 

at 1 Hz and the Photic Stimulator was set at intensity 1. 

 

3.3.5. Recording of the electromyographic activity of the orbicularis oculi 

 

Experiment 1 – 3: For eyeblink conditioning sessions, EMG activity from the 

orbicularis oculi muscle was recorded with implanted recording bipolar hook 

electrodes connected to a preamplifier and an AC/DC differential amplifier (x1000) 

with a bandwidth of 10 Hz to 10 kHz (Model 3000, A-M Systems, Germany).  
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3.3.6. Measurement of the brain temperature 

 

Experiment 4: For brain temperature measurement an epidural NTC thermistor (10 Ω 

resistance, ø 2.41×6.5mm, Series B57863S, EPCOS, Germany; Figure 3.3A) implanted 

above the MC was used as thermally sensitive resistor. The resistance of the thermistor 

decreased exponentially with increasing temperature. With this in mind, the NTC 

translator was connected to a conditioning circuit which adjusted the exponential 

variations in a linear fashion. With the purpose of determining the brain temperature via 

the voltage (V) variations of the NTC, a simple theoretical equation was applied (1): 

 

                                                                    
 

 
            

Where y is the voltage in volts and x the temperature in degrees Celsius. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Measurement of brain temperature with a Negative Temperature Coefficient (NTC) 

thermistor A, NTC. B, Experimentally obtained linear output equation of the NTC thermistor. C, 

NTC circuit: NTC translator connects to conditioning circuit which adjusts the exponential 

variations to a linear increase. Finally, the range adjustments for voltage (from 0 to 5 V) and for 

temperature (from 30º to 50º C) are executed.  
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Finally, the range adjustments for voltage (from 0 to 5 V) and for temperature (from 30 

to 50 ºC) were executed (Figure 3.3C). Prior to the brain temperature measurement 

with simultaneous tDCS, the NTC was experimentally tested outside the animal brain. 

For this purpose, the voltage variations were measured at different water temperatures 

ranging from 30 to 50 ºC. The recorded values represented in Figure 3.3B show a high 

approximation to the theoretical equation (1).  

 

3.3.7. tDCS 

 

tDCS was delivered by a battery-driven linear stimulus isolator (A395 Linear Stimulus 

Isolator, WPI, FL, USA) and the current characteristics like duration and down- and up-

ramping were established by a high-performance data acquisition interface and 

software (1401-plus, Spike2 version 7, CED, UK). Two different types of active 

electrodes were used. For Experiment 2 and 4 tDCS application was carried out with a 

prefabricated silver chloride (Ag/AgCl) disc electrode, whilst a precisely focused active 

stimulating electrode consisting of four silver-ball electrodes was applied for 

Experiment 3. During experimental sessions, the silver chloride disk electrode was 

inserted to the epicranial plastic tube previously implanted on the skull. To establish 

conductivity between the disc electrode and the tissue, a generous amount of electro-gel 

(ELECTRO-GEL
TM

, Electro-Cap International, Inc., OH, USA) was introduced to the 

plastic tube. In both cases a saline-soaked sponge electrode (surface area = 35 cm
2
) 

attached to the contralateral ear (except Experiment 3 where it was the ipsilateral ear) 

served as counter electrode (Figure 3.4). 

 

 

 

 

 

 

 

Figure 3.4 Electrode configurations for tDCS (DC stim.). 

According to the experiment two different types of epicranial active 

electrodes were used. For Experiment 2 and 4 a prefabricated silver 

chloride disk electrode was used, whilst for Experiment 3 

stimulation was applied by means of four silver-ball electrodes. In 

both cases a saline-soaked sponge electrode attached to the ear 

served as reference electrode (Ref.). 
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Experiment 2-4: For tDCS application, weak direct currents with anodal or cathodal 

polarity (when the anode or cathode was placed above the region of interest, 

respectively) were employed between active and reference electrodes. Depending on 

the experiment, the applied stimulation durations consisted of repeated periods of 

approximately 10 min (in total ~ 30 min) for classical conditioning experiments 

(Experiment 2 and 3) or a single period of 20 min for studying tDCS after-effects on 

VEPs in Experiment 3, whilst for Experiment 4 a tDCS duration of 60 or 120 min 

served to investigate whether tDCS induces tissue heating. For the tDCS experiments 

with the silver-disc electrode (0.5 cm
2
), the current density was 2 mA/cm

2 
for 1 mA of 

intensity, whilst for the four silver-ball electrodes (4 x 0.016 cm
2
) it was 15.63 mA/cm

2
, 

i.e., 3.91 mA/cm
2
 for each ball to reach 1 mA. According to the current distribution in a 

spherical rabbit head model (Miranda et al., 2006; Márquez-Ruiz et al., 2012), the 

maximum current density in the stimulated brain tissue for the silver-ball electrodes 

was 0.37 mA/cm
2
 when 1 mA was applied. Consistent with the experimental 

requirements, tDCS intensities applied in the different experiments presented in this 

Doctoral Thesis ranged from 14.6 μA to 2 mA. The exact information of applied tDCS 

duration, intensity and density currents will be specified for each experiment in the 

Results section.     

 

3.3.8. Classical eyeblink conditioning 

 

Classical conditioning of eyelid responses was achieved using either delay or trace 

conditioning paradigms. Depending on the experiment performed, one of two different 

CS (tone or flashes) and an air puff directed to the left cornea as US were applied. The 

air puffs were delivered from a pressure ejection system (Biomedical Engineering) and 

applied through the opening of a plastic pipette (ø 3 mm) attached to a holder fixed to 

the recording table. The first two conditioning sessions consisted of the sole random 

presentation of the corresponding stimulus selected as CS (habituation sessions, H1 – 

H2). Generally, each animal was trained for ten successive days (conditioning sessions, 

C1 – C10) presenting CS and US. In addition, in the case of Experiment 3 up to four 

extra sessions (C11-C14) were performed, whilst for Experiment 1 the conditioning 

sessions with simultaneous neuronal recording were executed during extended periods 

(up to 40 sessions). Conditioning sessions generally consisted of 66 trials, i.e., 6 series 

of 11 trials each (when tDCS was applied during conditioning, series 1, 3, and 6 
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received no tDCS [OFF], whereas series 2, 4, and 6 received active tDCS [ON]). 

Successive trials were separated at random by intervals of 50 – 70 s. Of the 66 trials, 

six were test trials in which the CS was presented alone. A conditioning session lasted 

for about 80 min (Figure 3.5B). Except for sessions where the recording of one single 

cell (Experiment 1) could be maintained longer than the mentioned duration, the 

conditioning session was extended (up to 180 min).  

 

 

 

 

 

Figure 3.5 Classical eyeblink conditioning protocol A, Experimental design with indication of 

different conditioned stimuli (CS – tone or flash), unconditioned stimulus (US – air puff) and 

location of EMG recording electrodes (O.O. EMG). B, Each conditioning protocol consisted of 

2 habituation and 10 conditioning sessions (for Experiment 1 and 3 extra conditioning sessions 

were carried out). Conditioning sessions consisted of 66 trials (6 series of 11 trials each) 

separated at random by intervals of 50-70 s. Of the 66 trials, 6 were test trials in which the CS 

was presented alone. C, Delay and trace paradigm protocols. From top to bottom, delay 

paradigm with tone as CS and air puff as US, trace paradigm according to experiment with CS 

(flashes) and air puff as US, and a representative EMG recording (O.O. EMG) from the 

orbicularis oculi muscle with indication of conditioned response (CR) and unconditioned or 

reflex response (UR). 
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3.3.8.1. Trace and delay paradigms 

 

Experiment 1 and 2: For the delay paradigm of eyeblink conditioning a 350 ms 

binaurally tone was presented to the animal as CS. After 250 ms, the tone was followed 

by a puff of air with 100 ms of duration and a pressure of 3 kg/cm
2
 directed at the left 

cornea as US. Thus, the tone co-terminated with the air puff (Figure 3.5A,C, delay 

paradigm). A function generator (AFG 3022B, Tektronix, OR, USA), triggered by a 

digital output (1401-plus, CED, UK), was used to produce the pulse with the specific 

tone characteristics (Sine wave, 500 Hz, 175 cycles, 1V). An amplifier (PA Amplifier 

FS-2035, FONESTAR SISTEMAS, S.A., Spain) converted the pulse in a tone (85 dB) 

through a speaker.  

 

Experiment 3: For the trace paradigm of eyeblink conditioning, a CS (flashes of light) 

of 100 ms duration was followed 250 ms from its end by a 100 ms, 3 kg/cm
2
 puff of air 

directed at the left cornea as US. The binocular light flashes (100 ms, 20 Hz) were 

generated by a Photic Stimulator (GRASS PS33 PLUS, Grass Instruments, MA, USA) 

placed 60 cm from the animal’s head (Figure 3.5A,C, trace paradigm).  

 

3.3.9. Histology 

 

3.3.9.1. Perfusion and tissue processing 

 

At the end of each experiment, the animals were anesthetized with sodium 

pentobarbital (50 mg/kg, ip) and perfused through the left ventricle with 9‰ saline 

followed by 4% paraformaldehyde in phosphate buffer (PB, 0.2 M, pH 7.4). The proper 

location of the EMG recording electrodes was then checked. Subsequently, the brain 

was removed and preserved 24 h in 4% paraformaldehyde solution. Previous to the 

processing of the tissue, brains were cryoprotected with 30% sucrose in 0.2 M PB. To 

carry out the cutting of the fixed tissue, the brains had to descend completely to the 

bottom of the sucrose container. Brains destined for microscopic observation were cut 

into coronal sections (50 μm) with the aid of a freezing sledge microtome (SM2000R, 

Leica Biosystems Nussloch GmbH, Germany). The obtained slices were stored in 0.2 

M PB in successive series until used. Selected sections including the recording and 

stimulated sites were mounted on gelatinized glass slides and stained using the Nissl 
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technique with 0.1% toluidine blue, in order to determine the proper location of 

stimulating and recording sites and to exclude tDCS-related tissue damage.   

 

3.3.9.2. Immunohistochemistry 

 

Experiment 1: Brains were immediately cryoprotected for fluorescence 

immunohistochemistry after perfusion with 30% sucrose in PB. To carry out the cutting 

of the fixed tissue, the brains had to descend completely to the bottom of the sucrose 

container. Then, coronal sections (50 μm) were obtained with a sliding freezing 

microtome (SM2000R, Leica Biosystems Nussloch GmbH, Germany) and stored at –

20 °C in a solution of glycerol (30%) and ethylene glycol (30%) in PB until used. 

Tissue was processed “free-floating” for immunohistochemistry and all of the sections 

studied passed through all procedures simultaneously to minimize any difference from 

immunohistochemical staining itself. In order to analyze the projections from MC to 

FN a double label was performed using primary antibody against the enzyme choline 

acetyltransferase (ChAT, Millipore Iberica S.A.U, Spain), which synthesizes 

acetylcholine and avidin against biotinylated dextran amine (BDA-10,000 MW; 

Molecular Probes, USA) injected as described above. Next, the sections were incubated 

for 1 h with 10% normal donkey serum (NDS) (AbDSerotec, MorphoSys, UK) in 

phosphate buffered saline (PBS) with 0.2 % Triton-X-100 (Sigma-Aldrich, MO, USA) 

and then they were incubated overnight at room temperature with goat polyclonal IgG 

anti-ChAT (1:100) with PBS containing 0.2 % Triton-X-100 and 3 % NDS. The second 

day, sections were washed and incubated for 1 h with anti-goat IgG secondary antibody 

generated in donkey and conjugated with Alexa 555 (1:200, MilliporeIberica S.A.U, 

Spain) in PBS containing 0.2 % Triton-X-100 and 3 % NDS and, subsequently, 

sections were incubated with avidin conjugated with Alexa 488 (1:200, 

MilliporeIberica S.A.U, Spain). Finally, sections were mounted on slides and 

coverslipped using Prolong Gold antifade reagent fluorescent mounting medium 

(Millipore Iberica S.A.U, Spain). The sections were observed under a confocal 

microscope (TCS SPE, Leica, Biosystems Nussloch GmbH, Germany). Z-series of 

optical sections (1 μm apart) were obtained using sequential scanning mode. These 

stacks were processed with Image J software (http://rsb.info.nih.gov/ij/). 

 

 

http://rsb.info.nih.gov/ij/
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3.4. Data collection and analysis 

 

3.4.1. Data acquisition 

 

Extracellular unitary-activity, VEP recordings, tDCS converted signals, unrectified 

EMG activity of the orbicularis oculi muscle, 1-V rectangular pulses corresponding to 

CS, US, and air-puff stimulations presented during the different experiments were 

stored digitally on a computer through an analog/digital converter (1401-plus, CED, 

UK) for quantitative off-line analysis. Collected data were sampled at 25 kHz for 

unitary-activity recording in MC, at 20 kHz VEP recordings or at 10 kHz for EMG 

recordings, with an amplitude resolution of 12 bits. A computer program (Spike2 

version 7 from CED, UK) was used to display single, overlapping, averaged, and raster 

representations of unitary activity, EEG and temperature recordings, and EMG activity 

of the orbicularis oculi muscle.  

 

3.4.2.Extracellular unitary activity analysis 

 

Experiment 1: In most cases, it was easy to identify the recorded MC neurons by 

isolating the neuron of interest from other neurons during experimental recording 

sessions. In cases where it was not possible to isolate and record a single cell, Spike 

Sorting (with Spike2) was performed for classifying the different recorded neurons. 

Finally, an event channel for each identified neuron was created in which each event 

corresponded to a spike. The program enabled the representation of peristimulus time 

histograms (PSTHs) and/or the firing rate of recorded neurons. When necessary, 

PSTHs were converted to firing rate following this equation (2) (Rieke et al., 1997): 

 

                                        
      

 
    

                      

                   
     

    

                
   

 

With the aid of cursors, the latency, the PSTHs, and the instantaneous firing rate of 

unitary recordings could be quantified.  
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3.4.3. VEP analysis before and after tDCS 

 

Experiment 3: To describe and represent the changes in V1 excitability after anodal or 

cathodal tDCS application, the VEPs induced by the light stimulation were averaged 

for control and post-stimulation situation. Each average consisted of representative 

VEPs (n ≤ 300) of 30 min recording (20 flashes every 2 min) discarding the VEPs with 

artifacts. To determine whether tDCS induced modulatory effects on VEPs properties, 

the amplitude and onset latency of the components P1 and N1 of the averaged VEPs 

(every 300 s) were measured with the aid of cursors (Spike2) and statistically analyzed.   

 

3.4.4. Analysis of conditioned responses 

 

Experiment 2 – 3: In order to characterize the eyelid responses, the EMG recording of 

the orbicularis oculi muscle was rectified and integrated, to obtain the integrated area 

(IA). Subsequently, the CR onset was defined as the point where the IA of the CR 

(IACR) overtook the integrated activity during the 200 ms before CS onset (control 

situation, IAcontrol; Figure 3.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Analysis of conditioned responses. From top to bottom, CS (tone, flashes) and US 

(air puff) presentations, representative EMG recording from orbicularis oculi (O.O. EMG) with 

indication of conditioned response (CR) and unconditioned response (UR), and integrated area 

(IA) of the EMG recording before CS onset (IAcontrol) and of the CR (IACR) after CR onset. The 

CR onset was defined as the point where the integrated activity of the CR (IACR) overtook the 

integrated activity during the 200 ms before CS onset (IAcontrol). CR and UR are indicated. 

Calibration as indicated.  
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The strength of the response was quantified calculating the relative area value for each 

response as the ratio between IACR and IAcontrol. When this ratio value was 1.1 (for 

Experiment 2) or 1.2 (for Experiment 3) the response was considered a CR. The 

threshold ratio value was set at 1.1 for Experiment 2 due to the recorded EMG noise 

level of one animal. The CR latency was calculated as the time difference between the 

CS initiation and the CR onset. According to the experiment and the aim of the 

quantification, the analysis was performed with all data (CRs and non-CRs) or only 

with the CRs.  

 

3.4.5. Statistical analysis  

 

The computed results were processed for statistical analyses using the SPSS-software 

(IBM SPSS Statistics for Windows, Version 20.0, IBM Corp., NY, USA) and 

SigmaPlot 11.0 (Systat Software, CA, USA) package. The statistical significance was 

set at P < 0.05. Unless otherwise indicated, data are always represented as the mean ± 

SEM. 

 

Experiment 2: Statistical significance of CRs-values between experimental and control 

group throughout each conditioning session was inferred by one-way analysis of 

variance (ANOVA). In the same way, to determine the significant differences of 

relative area and onset latency values between specific days, t-tests for between-group 

analysis and one-way repeated measures ANOVA (ANOVARM) with factor SESSION 

for within-group analysis were executed. When a statistical significance was found, 

post hoc pairwise comparisons using Bonferroni correction for multiple comparisons 

was performed. 

 

Experiment 3: Acquired data of VEP amplitude and latency from before and after 

tDCS application were statistically analyzed with Friedman of repeated measures 

analysis (FriedmanRM) since data did not permit normality assumption. For adjustment 

of multiple comparisons a Student-Newman-Keuls post hoc method was executed. For 

the statistical analysis of evolution of CRs percentage, relative area and latency of 

eyelid responses, ANOVARM with the factor SESSION and Bonferroni as post hoc 

procedure for correction of multiple comparisons were applied.  
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Experiment 4: The course of the brain temperature values (raw and normalized) before, 

during and after tDCS (both anodal and cathodal) was statistically analyzed by 

ANOVARM with the factor TIME. Greenhouse-Geisser was applied to correct for non-

sphericity. Post hoc comparisons using Bonferroni method were performed for 

correction of multiple comparisons.  
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Experiment 1 

 
4.1. Characterization of the MC activity during classical eyeblink 

conditioning 

 

The neuronal activity of the MC was recorded to identify and characterize palpebral 

MC neurons during the conditioning of eyelid responses in the rabbit. Moreover, the 

MC projections to RN and FN were studied. An immunohistological study was carried 

out to demonstrate the existence of direct neuronal connections from MC to FN. 

Recorded neurons were identified by their antidromic activations as a result of 

electrical-pulse stimulation of the ipsilateral RN and contralateral FN and with the help 

of the collision test. Once identified, the firing activity of these neurons was observed 

during the performance of the classical eyeblink conditioning in order to analyze 

whether a relationship between firing rate and motor learning performance could be 

established. A schematic representation shows the experimental design for this 

experiment (Figure 4.1A).   

 

4.1.1. Identification of the palpebral MC region  

 

The MC eyelid recording area was successfully approached following a previous 

electrophysiological study (Pacheco-Calderón et al., 2012) and by bipolar pulse 

stimulation of the cerebral cortex in accordance with available stereotaxic coordinates 

(Girgis and Shih-Chang, 1981). Depending on intensity, the electrical pulses given in 

the area corresponding to the palpebral motor neurons activated the contralateral 

orbicularis oculi muscle as already reported in a recent study (Pacheco-Calderón et al., 

2012). The Figure 4.2 shows a representative EMG activation of the orbicularis oculi 

after stimulating the contralateral palpebral MC (Stim. MC). The stimulation evoked an 

activation of the eyelid with a latency of 10.1 ± 0.3 ms (n = 20; range: 9.2 – 11.7 ms). 

Taken into account the anatomical distance, the small variability in latency of muscle 

activation from MC is suggestive of a disynaptic projection.  

 

 

 

 



Results 

 60 

 

 

Figure 4.1 Experimental design. A, Classical conditioning of eyelid responses was achieved 

with the help of a delay-conditioning paradigm. Animals were chronically implanted with EMG 

recording bipolar hook electrodes in the left orbicularis oculi muscle (EMG O.O.) in order to 

evaluate the evoked CR. The US consisted of an air puff presented to the ipsilateral cornea and 

the CS consisted of a binaurally tone. MC neurons contralateral (cMC) to the left eye were 

recorded with a glass micropipette (Rec.) inserted into MC areas. Stimulating microelectrodes 

(Stim.) were implanted in the contralateral red nucleus (cRN) and ipsilateral facial nucleus 

(iFN) with respect to the trained eye. For subsequent histological studies microinjections (Inj.) 

with BDA tracer were carried out in MC. B, Photomicrographs of MC coronal sections 

illustrating recording window (top picture and arrow) and electrolytic marks (three bottom 

pictures and arrows) made with stimulating electrodes implanted in selected recording sites are 

represented. CA, anterior commissure; cc, corpus callosum; CE, external capsule; CI, internal 

capsule; II, lateral ventricle. Calibration bars: 1 mm. C, Diagrams illustrating the recording sites 

following the atlas of Girgis and Shih-Chang (1981). 

 

 

Small electrolytic-lesion marks made at the end of the recording sessions indicated that 

MC neurons related to the reflex, spontaneous and conditioned eyelid responses 

occupied a dorsal position in the rostral part of the rabbit cortical motor area (Figure 

4.1B-C). With the help of these electrolytic marks and collected information regarding 

stereotaxic coordinates, a reconstruction of the location of recorded MC neurons (n = 

257) included in this study was made. Figure 4.1C illustrates that these neurons formed 

a cell column (AP = 1.5-4.5 mm; L: 2-4 mm) over the dorsal MC (Girgis and Shih-

Chang, 1981), i.e., the facial area of the MC is not located laterally like in cats or 

primates (Nieoullon and Rispal-Padel, 1976; Nudo et al., 2001; Hashimoto et al., 2013).   
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Figure 4.2 Direct orbicularis 

oculi activation by bipolar pulse 

stimulation of the MC. 

Representative EMG activity 

(O.O. EMG) of the orbicularis 

oculi muscle after stimulating the 

contralateral palpebral MC (Stim. 

MC) with double (2-ms interval) 

pulses. Calibration as indicated.  

 

 

4.1.2. Immunohistological identification of direct neuronal connections to the facial 

nucleus 

 
To further confirm that the identified MC region was involved in eyelid responses, the 

anterograde BDA tracer was injected in the MC recording area of three animals 

(Figure 4.3A-B) and axon terminals located within the FN were checked. For 

identification purposes FN motoneurons were labeled with ChAT (Figure 4.3C-D, G). 

Confocal photomicrographs of BDA labeling showed the presence of relatively few 

anterogradely labeled axons near or closely apposed to ChAT-expressing FN 

motoneurons (Figure 4.3E-F, H-I). Apart from the longer distance, the low density of 

MC axon terminals present in the dorsolateral FN could explain the low number of 

antidromic MC neurons activated from this nucleus (n = 25) as compared with those 

activated from the RN (n = 189), corresponding to a much larger and denser projection 

(Davies et al., 1994; Horn et al., 2002).  
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Figure 4.3 Confocal photomicrographs of BDA labeling and ChAT-expressing cells. A, 

Diagram of BDA tracer injection in the MC contralateral to the left eye (cMC). B, BDA-labeled 

cells located in the MC near the injection site (arrow). Scale bar: 30 μm. The photomicrograph 

is a 2D projection of 24 consecutive focal planes located 1 μm apart. C, FN motoneurons 

expressing ChAT. Scale bar 100 μm. D-F, ChAT-expressing FN motoneurons (magenta) and 

fibers labeled with BDA (green). Arrows indicate axons anterogradely labeled with BDA. Scale 

bar: (displayed in F) D-F, 50 μm. Insets in D-F are enlarged (30%) views of labeled FN 

motoneurons and MC projecting axons. Photomicrographs are 2D projections of 29 consecutive 

focal planes located 1 μm apart. G-I, Same ChAT-expressing cells indicated in D-F with 

arrowheads. Note the axons anterogradely labeled with BDA near or closely apposed to ChAT-

expressing FN motoneurons. Scale bar (displayed in I) G-I, 25 μm. Photomicrographs are 2D 

projections of 22 consecutive focal planes located 0.5 μm apart. 
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4.1.3. Electrophysiological identification of the recorded MC neurons 

 
The electrophysiological recordings in MC during classical conditioning of eyelid 

responses in well-trained animals (after 8
th

 day of conditioning) revealed a number of 

neurons with a firing activity related to the performance of the motor learning. The 

different identified neuronal groups are exposed in the following sections.  

 

4.1.3.1. Identified MC neurons projecting to the facial nucleus 

 

The electrical stimulation of the FN activated, in total, 25 neurons recorded in the 

contralateral palpebral MC (Figure 4.4.1A). With the aid of the collision test and by 

means of the typical non-variable activation latency – in case of fast conducting axons 

(Swadlow, 1998) – the neurons were identified as antidromically-activated neurons 

(Figure 4.4.1B). The antidromic stimulation of these neurons evoked a mean activation 

latency of 5.03 ± 0.18 ms (mean ± SEM, n = 25) at the palpebral motor area, with an 

activation range between 2.02 and 6.63 ms.  

 

 

 

 

 

 

 

Figure 4.4.1 A, Schematic representations of direct neuronal projections from the micropipette 

recording site in contralateral MC (cMC, Rec.) to the stimulated site (Stim.) in ipsilateral facial 

nucleus (iFN) with respect to the left eye. B, Representative examples of antidromic activations 

(black lines) in the cMC elicited through iFN stimulation and a collision test (grey line) of cMC 

neurons. Calibration as indicated. 
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Once identified, the firing activity of these neurons was studied during the classical 

conditioning of eyelid responses. Neurons with an observed firing activity increase 

preceding the performed CRs were classified in a group. The results show that 6 of the 

25 neurons with direct projections to the FN presented an anticipated firing rate 

increase in regard to the CRs. Specifically, the enhanced firing activity initiated 74.43 ± 

6.37 ms after tone onset and occurred 112.86 ± 19.50 ms prior to the beginning of the 

CRs (187.29 ± 13.14 ms after tone initiation). The Figure 4.4.2 shows one 

representative antidromically-activated neuron projecting to FN during the CS-US 

presentation. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.2 Firing activity of MC 

neurons electrically activated from FN 

during classical eyeblink conditioning. A, 

A representative example of the firing 

activity of a MC neuron antidromically 

activated by FN stimulation and recorded 

in a well-trained animal. From top to 

bottom are represented the conditioning 

paradigm (CS and US presentations), the 

raw activity of the MC neuron, the event 

channel (Spikes), firing rate of the 

selected neuron, and the raw EMG 

activity of the orbicularis oculi muscle 

(O.O. EMG) during a single CS-US 

presentation B, Conditioning paradigm, 

raster plot of all spikes collected from the 

same MC neuron during 22 successive 

trials, and the averaged firing rate 

(spikes/s). Calibration as indicated. 
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This shows a representative trial demonstrating the raw firing activity and firing rate for 

the neuron and the corresponding EMG activity of the orbicularis oculi for a single CS-

US presentation (Figure 4.4.2A), and a raster plot of all spikes (n = 22) and the 

averaged firing rate (spikes/s) for the same neuron (Figure 4.4.2B).  

 

Finally, a PSTH highlights the averaged firing rate increase of the 6 identified neurons 

with a relationship to the conditioning protocol during the CS-US interval, presenting 

the firing activity as spikes per seconds (Figure 4.4.3). 

 

 

 

 

Figure 4.4.3 Averaged firing rates of MC neurons antidromically activated from FN (n = 6). 

The averaged firing rates are represented as mean values ± SEM. From top to bottom are 

illustrated the conditioning paradigm and the peristimulus time histogram (PSTH) representing 

the averaged firing rate in spikes per second (Sp/s). Note that a first peak firing rate of MC 

neurons appears prior to the CR initiation and a second peak during the US presentation. The 

white triangle at the bottom indicates the mean CR onset latency recorded from the orbicularis 

oculi muscle. Calibration as indicated. 
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4.1.3.2. Identified MC neurons projecting to the red nucleus 

 

The electrical pulse stimulation of the RN (Figure 4.5.1A) evoked 189 antidromic 

activations in the ipsilateral palpebral motor area corresponding to the left eyelid. The 

activations were identified with the help of the collision test (Figure 4.5.1B) and by 

means of their typical non-variable activation latency – in case of fast conducting axons 

(Swadlow, 1998). The mean activation latency after electrical stimulation was 3.36 ± 

0.09 ms (mean ± SEM, n = 189), presenting a range between 1.47 and 7.73 ms. The 

firing activity of the identified neurons were studied during the classical conditioning of 

eyelid responses with the objective to investigate whether a relationship between the 

firing rate and the CS-US interval could be established.  

 

 

 

 

Figure 4.5.1 A, Schematic representations of direct neuronal projections from the micropipette 

recording site in contralateral MC (cMC, Rec.) to the stimulated site (Stim.) in contralateral red 

nucleus (cRN) with respect to the left eye. B, Representative examples of antidromic 

activations (black lines) in the cMC elicited through cRN stimulation and a collision test (grey 

line) of cMC neurons. Calibration as indicated. 

 

 

It is important to point out that although a total of 189 neurons were antidromically 

activated from the RN, only 20 of them (i.e., 10.5%) presented a firing rate related to 

CRs. Specifically, the increase of firing activity began 100.79 ± 10.26 ms after tone 

initiation and preceded the CR by 59.70 ± 9.50 ms. The CRs initiated 160.49 ± 8.94 ms 

after the CS onset. The Figure 4.5.2 shows a representative example of one MC neuron 

antidromically activated from the RN with a firing rate increase preceding the CR 

onset; presenting (A) raw firing activity and firing rate of the neuron and EMG activity 

of the orbicularis oculi during one CS-US presentation trial, (B) firing rate (spikes/s) 
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and firing raster plot across all trials (n = 20) of the same neuron during the CS-US 

presentation. Finally, a PSTH highlights the averaged firing rate of the 20 neurons with 

a firing activation anticipated to the CR onset during the CS-US interval (Figure 4.5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.2 Firing activity of MC neurons electrically activated from RN during classical 

eyeblink conditioning. A, A representative example of the firing activity of a MC neuron 

antidromically activated by RN stimulation and recorded in a well-trained animal. From top to 

bottom are represented the conditioning paradigm (CS and US presentations), the raw firing 

activity of the MC neuron, the event channel (Spikes), firing rate of the selected neuron, and the 

raw EMG activity of the orbicularis oculi muscle (O.O. EMG) during a single CS-US 

presentation B, Conditioning paradigm, raster plot of all spikes collected from the same MC 

neuron during 40 successive trials, and the averaged firing rate (spikes/s). Calibration as 

indicated. 
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Figure 4.5.3 Averaged firing rates of MC neurons antidromically activated from RN (n = 20). 

The averaged firing rates are represented as mean values ± SEM. From top to bottom are 

illustrated the conditioning paradigm and the peristimulus time histogram (PSTH) representing 

the averaged firing rate in spikes per seconds (Sp/s). Note that the neuronal firing rate presents 

a slight and continuous increase prior to the CR initiation. The white triangle at the bottom 

indicates the mean CR onset latency recorded from the orbicularis oculi muscle. Calibration as 

indicated. 

 

 

4.1.3.3. Classification of non-activated MC neurons  

 

Many of the recorded neurons in MC could not be antidromically activated neither 

from RN nor from FN. Regardless, these neurons were recorded during the classical 

conditioning of eyelid responses to determine whether they were involved in the 

performance of CRs. As a result, 43 neurons showed a clear firing rate increase 

preceding the CR onset. The firing activity increase with a mean onset latency of 78.70 

± 6.48 ms (mean ± SEM, n = 43) after tone initiation showed an anticipation of 84.67 ± 

7.01 ms in regard to the beginning of the CRs. The mean onset latency of the CRs was 

163.37 ± 5.53 ms. After identifying the anticipatory nature of these non-activated 

neurons, the classification into different neuronal types according to their mode of 

firing during the CS-US presentation was carried out. Subsequently, three types of non-

activated neurons were established.  
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The neurons type A (Figure 4.6.1A, B and 4.6.2A) presented an irregular spontaneous 

firing rate, with mean values ranging from 3 to 15 spikes/s. The averaged firing rates of 

11 type A neurons recorded from well-trained animals (i.e., from the 8
th

 conditioning 

session) are represented in Figure 4.6.2A. Type A neurons fired a burst of action 

potentials with a mean onset latency of 73.49 ± 7.59 ms after tone initiation, preceding 

the EMG activation of the orbicularis oculi muscle by 111.75 ± 10.22 ms during the 

CS-US interval, i.e., during the generation of the CR. The mean onset latency of the 

CRs was 185.24 ± 12.18 ms. Characteristically, the peak firing of type A neurons took 

place during the CS-US interval, reaching low mean peak firing rates (20 – 30 spikes/s) 

at ≈ 200 ms from the CS presentation (Figure 4.6.1B and 4.6.2A). Their firing rates 

decreased steadily during the UR presentation until reaching (irregular) tonic firing 0.2 

– 0.3 s afterwards.  

 

Type B neurons (Figure 4.6.1C, D and 4.6.2B) presented a more stable and higher (10 

– 20 spikes/s) spontaneous firing rate than type A neurons. As shown in Figure 4.6.1C-

D and 4.6.2B, this type of neuron presented two successive bursts of action potentials. 

An initial firing rate peak (≈ 20 spikes/s) observed 63.50 ± 9.39 ms after tone initiation, 

preceding 104.92 ± 12.47 ms the generation of the CR which initiated at 168.42 ± 8.88 

ms after the tone onset. After the descending of the first firing peak a second burst (≈ 

25 spikes/s) immediately following the US presentation was observed, presenting a 

mean onset latency of 235.97 ± 14.75 ms after initiation of the tone. The averaged 

firing rates of 15 type B neurons recorded from well-trained animals (i.e., from the 8
th

 

conditioning session) are represented in Figure 4.6.2B.  

 

Finally, type C neurons (Figure 4.6.1E, F and 4.6.2C) presented a spontaneous firing 

rate (≈ 10 spikes/s) similar to that presented by type B neurons. MC neurons included 

in this group presented a slow increase in their firing rates during the CS-US interval, 

starting 88.05 ± 12.37 ms after the CS initiation and reaching their peak firing (347.87 

± 14.68 ms after the CS start; 20 – 40 spikes/s) by the time of the US presentation.  
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Figure 4.6.1 Different types of MC neurons activated during classical eyeblink conditioning 

using a delay paradigm. A-B, Firing properties of type A neurons. A, From top to bottom are 

illustrated the conditioning paradigm, the raw activity of a representative type A neuron, the 

event channel and firing rate of the selected neuron, and the raw EMG activity of the 

orbicularis oculi (O.O. EMG) muscle during a single CS-US presentation. (Figure legend 

continued on page 71)→ 
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←(continued Figure legend from page 70) B, Conditioning paradigm, raster plot of all spikes 

collected from the same MC neuron during 15 successive trials, and the averaged firing rate. 

Type A MC neurons were characterized by an increased firing rate prior to the CR and a 

noticeable decrease of their firing rate during US presentation. C-D, Same as in A-B for a 

representative type B MC neuron recorded for 26 trials. Type B neurons were characterized by 

an initial firing peak preceding the CR and by a second increase of firing rate during US 

presentation. E-F, Same as in A-B for a representative type C MC neuron recorded for 53 trials. 

Type C neurons were characterized by a continuous increase in their firing rate preceding the 

CR and by reaching the maximum peak during US presentation. Time calibration in E is also 

for A and C. Time calibration in F is also for B and D. 

 

 

As shown, the averaged population of type C neurons preceded the beginning of the CR 

by 92.72 ± 23.51 ms. The mean onset latency of the CRs was 180.77 ± 24.81 ms after 

the CS onset. The averaged firing rates of 17 type B neurons recorded from well-

trained animals (i.e., from 8
th

 conditioning session) are represented in Figure 4.6.2C.  

 

 

 

Figure 4.6.2 Averaged firing rates of representative type A, B, and C MC neurons recorded 

from well-conditioned animals. All recordings were performed after the 8
th
 conditioning session.  

Averaged firing rates are represented as mean values ± SEM. A, From top to bottom are 

illustrated the conditioning paradigm, the averaged firing rate of type A neurons (n = 11), and 

the average of the rectified EMG responses of the orbicularis oculi (O.O. EMG) muscle. Note 

that their peak firing rate appeared before US presentation and that they did not respond during 

the unconditioned response. B, Same as in A but for type B neurons. Averaged firing rates and 

rectified EMG responses collected from n = 15 type B neurons. These MC neurons were 

characterized by the presence of an initial peak in their firing rate prior to the CR and then by a 

second increase of their firing rate during the US. (Figure legend continued on page 72)→ 
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←(continued Figure legend from page 71) C, Same as in A for type C neurons (n = 17). These 

MC neurons presented a continuous increase in their firing rate beginning well before (> 90 ms) 

the start of CRs and reaching the maximum during US presentation – i.e., during the generation 

of the unconditioned eyelid response. 

 

 

In summary, these results provide evidence of direct neuronal projections from the 

palpebral motor area to RN and FN in the rabbit. A minor proportion of the activated 

neurons present firing activities related to the performance of eyelid CRs. Additionally, 

three types of non-activated MC neurons are activated during the CS-US interval well 

in advance of the initiation of the EMG activity of the orbicularis oculi muscle, i.e., of 

the CR. The exact projecting sites of these non-activated neurons are not directly 

identified in this present work. Regardless, these neurons might project to FN or RN, 

but activation by electrical stimulation of the corresponding axons was not viable 

probably due to very slowly conducting axons as later explained in the Discussion 

section. 

 

 

Experiment 2 

 

4.2. Modulation of MC excitability during the acquisition of eyeblink 

conditioning 

 
To underline the importance of MC activity during the acquisition process of 

associative motor learning, the second series of experiments examined whether 

modulation of the excitability of MC neurons via tDCS application could alter the 

learning process of classical conditioning of eyelid responses. Here a group of animals 

(n = 6) was prepared for a delay paradigm of classical eyeblink conditioning during 

simultaneous tDCS (active or sham) on MC. 

 

4.2.1. Modulation of learning acquisition during classical eyeblink conditioning 

induced by MC-tDCS 

 

The conditioning protocol consisted of a 350 ms tone as CS and a 250 ms puff of air (3 

kg/cm
2
) initiated 100 ms after the onset of the tone and directed to the left cornea as US. 
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Thus, the tone and the air puff co-terminated. The presence of CRs was determined by 

recording the EMG activity of the ipsilateral orbicularis oculi muscle (Figure 4.7A 

and C).  

 

 

 

Figure 4.7 Experimental design for classical eyeblink conditioning and simultaneous tDCS 

application on motor cortex (MC). A, Indication of electrode location over the MC for tDCS 

contralateral to the left eye. Both anodal and cathodal tDCS currents were applied through a 

silver chloride disk electrode (area in contact with the skull: 0.5 cm
2
) inserted in a plastic tube 

(ø 8 mm) implanted over MC whilst a large (35 cm
2
) saline-soaked sponge electrode placed on 

the contralateral ear served as a counterelectrode (Ref.). Classical conditioning of eyelid 

responses was achieved using a delay-conditioning paradigm. Animals were chronically 

implanted with EMG recording bipolar hook electrodes in the left orbicularis oculi muscle 

(O.O. EMG) in order to evaluate the evoked CR. A binaurally tone (350 ms, 500 Hz, 85 dB) 

was used as CS, followed 250 ms from its beginning by an air puff (100 ms, 3 kg/cm
2
) as US 

presented to the left cornea. B, A total of 2 habituation and 10 conditioning sessions were 

carried out. Simultaneous anodal tDCS was applied on conditioning day 3 (C3, red box) and 

cathodal tDCS was applied on conditioning day 8 (C8, blue box). Conditioning sessions 

consisted of 66 trials (6 series of 11 trials each) separated at random by intervals of 50-70 s. Of 

the 66 trials, 6 were test trials in which the CS was presented alone. C, From top to bottom are 

illustrated CS and US presentations, and a representative EMG recording (O.O. EMG) 

collected from session C5. As criteria, the presence of EMG activity, during the CS interval and 

prior to US beginning, lasting >10 ms and initiated after CS onset was considered as a CR. In 

addition, the integrated EMG activity (IA) recorded during the CS interval (IACR) had to be 

greater than the integrated EMG activity recorded immediately before CS presentation (IAcontrol). 

The CR onset was defined by the point where IACR overtook IAcontrol. CR and UR are indicated. 

Calibration as indicated.  
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This experimental design allowed the recording of classical eyeblink responses and the 

simultaneous application of tDCS to the contralateral palpebral area of the MC (Figure 

4.7A). The first two conditioning sessions consisted of the sole CS presentation. Each 

animal was trained on the CS and US for ten successive days. Conditioning sessions 

always consisted of 66 trials (Figure 4.7B). In order to characterize the eyelid 

responses, the EMG recording of the orbicularis oculi was rectified and integrated to 

obtain the integrated area (IA). Subsequently, the CR onset was defined as the point 

where the integrated activity of the CR (IACR) overtook the integrated activity during 

the 200 ms before CS onset (IAcontrol) (Figure 4.7C). When this ratio between IACR and 

IAcontrol was ≥ 1.1 the response was considered a CR.  

 

To characterize the impact of tDCS on MC excitability during classical conditioning, 

anodal and cathodal tDCS were presented to the experimental group (n = 3) during 

session C3 and C8, respectively. Based on a previous study showing a very low 

learning rate on C2 when a tone was used as CS (Pacheco-Calderón et al., 2012), day 

C3 was chosen as the anodal session in order to achieve the strongest impact of anodal 

tDCS on learning, with the explanation that tDCS applied too early might not induce a 

visible increase of CRs. tDCS applied during a conditioning session consisted of 

anodal/cathodal current (anodal = 1 mA; cathodal = -1mA; 2 mA/cm
2
 of current 

density; ~30 min) during series 2, 4 and 6 (tDCS-ON) within the same conditioning 

session. To rule out any sensory detection of tDCS (Nitsche and Paulus, 2000; Nitsche 

et al., 2007), sham stimulation in the sham group (n = 3) implicated the same electrode 

placement and conditioning protocol, except for tDCS duration, consisting in this case 

of a 30 s application. In Figure 4.8.1 the evolution of the learning curves throughout 

the conditioning sessions is represented for the two animal groups.  

 

Sham-group animals reached asymptotic values of CR percentage (>80% of CRs per 

session) for their learning curves by the 5
th

 conditioning session. The presence of 

concurrent anodal tDCS during C3 was associated with a statistically significant 

increase in the percentage of CRs, reaching 81.32 ± 8.39 % (mean ± SEM, n = 3), 

whilst the CR percentage for the sham group was 23.19 ± 19.11 % on day C3 (P = 

0.049, one-way ANOVA). The application of cathodal tDCS on C8 did not induce any 

significant change (P = 0.749, one-way ANOVA) on CR percentage (93.68 ± 3.30 %) 

compared with the sham values (95.29 ± 3.32 %). 
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Figure 4.8.1 Effects of simultaneous tDCS over MC on classical eyeblink conditioning using a 

delay paradigm. Evolution of CR percentage across the conditioning sessions for a control 

group of animals (grey squares and line) and the experimental group (black circles and line). 

The animals received anodal tDCS during session C3 and cathodal tDCS during session C8 

with a duration of ~30 min (experimental group) or 30 s for sham stimulation (control group). 

Dotted horizontal line represents threshold of asymptotic CR percentages. n = 6. *, P<0.05, 

one-way ANOVA. Error bars represent SEM. 

 

 

The Figure 4.8.2 shows representative orbicularis oculi EMG recordings from one 

animal of the experimental group representing a control trial (series 1; black traces) 

before tDCS stimulation started and one trial during anodal tDCS (red trace) from 

session C3, as well as a control trial and one cathodal trial (blue trace) obtained from 

the session C8. Note that during cathodal tDCS the CR is still present, but the response 

seemed to be delayed and of less strength for this animal.  
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Figure 4.8.2 The conditioning paradigm (CS and US presentations) and representative 

orbicularis oculi electromyographic (O.O. EMG) recordings collected from the same animal 

during the session C3 from a control series (traces in black) and during the course of anodal 

tDCS (trace in red), and the same for cathodal session C8 representing a control series and a 

trial with the presence of cathodal stimulation (trace in blue). Conditioned responses (CR) are 

indicated. Note that CR for cathodal session C8 presents longer latency and smaller area. 

Calibration as indicated.   

 

 

4.2.2. Modulation of palpebral conditioned responses by MC-tDCS 

 

Although no significant differences were found for CR percentage during the cathodal 

session compared to the sham group, CRs during the presence of cathodal tDCS 

seemed to be of longer latencies and reduced strength as mentioned in the previous 

section (Figure 4.8.2). For this reason, besides the given CR percentage curve, the 

quality of CRs was analyzed once between-group (for anodal and cathodal) and once 

within-group (only for cathodal) by quantifying CR strength and CR onset latency. The 

relative area value for response strength was calculated as the ratio between IACR and 
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IAcontrol for the experimental and sham group. For an appropriate comparison between 

experimental and control animals relative area values were normalized by dividing each 

individual average (of sessions C3 and C8) by the average of the highest individual 

relative area (strongest response) observed across the learning curve. Similarly, the CR 

onset latency values (time difference between the CS initiation and the CR onset) from 

sessions C3 and C8 were normalized to the individual average with the lowest latency 

(fastest response) observed across the learning curve. Figure 4.9A illustrates the 

comparison for relative area and latency values between experimental and sham group 

for sessions C3 and C8 where 100% represents the maximum (strongest or fastest) 

response average. CRs during anodal tDCS (74.30 ± 11.84%; mean ± SEM) were 

significantly stronger than the sham (36.09 ± 4.88%) group (P = 0.041; t-test; n = 3). 

With respect to the CR latency, responses were faster (87.60 ± 3.38%) during the 

anodal stimulation compared to sham (79.54 ± 2.16%) on C3. However, the difference 

was not statistically significant (P = 0.304; t-test; n = 3). Given that no significant 

differences in strength or latency were shown for the application of cathodal tDCS 

compared to the sham group, a within-group comparison (only experimental group) 

was performed to test whether CRs were qualitatively different compared with the days 

before (C7) and after (C9) the cathodal session (C8). Since the low sample size (n = 3) 

most likely results in a low statistical power (Button et al., 2013), this time the analysis 

was performed with the raw data calculating the averages of relative area and latency 

from each series (series 2, 3, 4, 5, and 6) for all three sessions (C7, C8, C9). On session 

C8 series 1 was used as a control trial (without tDCS), therefore not included in the 

analysis, excluding also series 1 from C7 and C9 to keep the number of averages equal 

for each session (a total of 15 values per session for three animals).  

 

One-way ANOVARM was performed with the factor SESSION and the results show a 

significant overall effect for both relative area (P = 0.035) and latency (P = 0.027). The 

Bonferroni correction was used for multiple comparisons. Significantly (C7 vs. C8; P = 

0.049) weaker (1.86 ± 0.10) responses were detected for the cathodal session compared 

with the day before (2.17 ± 0.09). Although non-significant (C8 vs. C9; P = 0.277), 

CRs from session C8 also seemed to be less strong than the day after (2.07 ± 0.11, C9; 

Figure 4.9B left). On the other hand, the Figure 4.9B (right) shows slower CRs, i.e., 

higher latencies (191.70 ± 3.15 ms) for the cathodal session (C8). Even if a significant 

overall effect was detected for CR latency, the post hoc test could not detect statistical 
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significance (C7vsC8|P = 0.069; C8vsC9|P = 0.277) comparing C8 with the day before 

(182.63 ± 2.71 ms, C7) and after (185.50 ± 2.75 ms, C9). Altogether, the successful 

modulation of CR acquisition and performance via tDCS applied on MC emphasizes 

the importance of this cortical area during classical eyeblink conditioning.   

 

 

 

Figure 4.9 Modulation of relative area (strength) and latency of CRs by application of tDCS. 

The relative area value was calculated as the ratio between IACR and IAcontrol. The CR onset 

latency was calculated as the time difference between CS initiation and CR onset. A, Between-

group comparison (experimental and sham group) with normalized values of relative area and 

onset latency (100% = maximum response) of CRs for session C3 and C8. Note that CRs from 

session C3 present stronger and seemingly faster (however the latter without statistical 

significance) responses in the experimental group compared to the sham group. *, P<0.05, n = 3 

per group, t-test. B, Within-group comparison (only experimental group) of raw relative area 

and latency of CRs collected from the sessions C7 (before cathodal session) and C9 (after 

cathodal session) and from the session with simultaneous cathodal tDCS (C8). Analysis 

resulted in an overall SESSION effect for relative area (P = 0.035) and latency (P = 0.027). 

Note that CRs from C8 resulted to be weaker and slower. However, Bonferroni correction 

could not detect significant differences between sessions for CR latency. *, P<0.05,**, P<0.01 

one-way ANOVARM, Bonferroni as post hoc test. Error bars represent SEM. 



Results 

 79 

Experiment 3 

 

4.3. Modulation of sensory cortex excitability during the acquisition of 

eyeblink conditioning 

 
The previous experiments demonstrated the involvement of the MC during the 

acquisition process of eyeblink conditioning through concurrent extracellular unitary 

recordings and transcranial modulation of MC’s excitability. In addition, prior research 

has shown that cortical sensory perception processes can be modulated (via tDCS) 

during eyeblink conditioning and alter learning acquisition. Thus, the authors 

demonstrated that the sensory cortex (S1) is implicated in the CS pathway when 

whisker stimulation was used as CS (Márquez-Ruiz et al., 2012). Following this 

concept of modulating sensory perception during learning, the next step of the present 

Doctoral Thesis was to study the involvement of a different sensory input (V1) during 

eyeblink conditioning. The aim was to test whether modulating the cortical excitability 

of V1 by the use of tDCS would have a similar impact on classical eyeblink 

conditioning when light stimulation was used as CS. VEP measurements were used as 

physiological markers of cortical excitability. To study this, animals (n = 3) were 

prepared for chronic recording of VEPs and classical eyeblink conditioning with 

simultaneous tDCS on V1.  

 

4.3.1. Long-lasting neuromodulatory effects on induced VEPs by the application of 

primary visual cortex (V1) tDCS  

 

To describe cortical excitability variations of V1 induced by tDCS, VEPs elicited by 

contralateral flash stimulation were recorded before and after the transcranial 

stimulation (Figure 4.10A). The VEPs consisted of a first positive component (P1) with 

a peak latency of 21.11 ± 1.89 ms and a late negative component (N1) with a peak at 

48.85 ± 1.91 ms (mean ± SEM, n = 3; Figure 4.10C). To rule out the possibility that 

observed VEPs were provoked by an artifact different to the light flash, the operating 

flash was covered and, consequently, as shown in Figure 4.10B no VEP was induced 

in V1.  
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Figure 4.10 Experimental design for visual evoked potential (VEP) recordings after application 

of tDCS. A, Experimental scheme with indication of electrode location over primary visual 

cortex (V1) for VEP recordings and tDCS (DC stim.). Both anodal and cathodal tDCS currents 

were applied between the 4 silver-ball electrodes (black circles) implanted over the V1 and a 

large (35 cm
2
) sponge electrode (Ref.) placed on the ipsilateral ear. VEPs were evoked by light 

flashes at a distance of 14 cm from the right eye and recorded with the silver electrodes on V1. 

B, Representative EEG recording of V1 with the uncovered (above) and covered (below) flash. 

C, Average of VEPs (n = 40) collected from a representative animal and indication of P1 and 

N1 component. Calibration as indicated.  

 

 

With this in mind, VEPs induced via trains of flashes (20 flashes, 1 Hz) were 

continuously recorded 30 min before (control) and 60 min after (after-effect) tDCS 

presentation (Figure 4.11.1A). VEPs were assessed using the same epicranial 

electrodes as for direct current stimulation (not simultaneously). TDCS was applied for 

20 min at an intensity of 2 mA for anodal and at –2 mA for cathodal stimulation.  

 

In contrast to Experiment 2, this time the currents were delivered between four silver-

ball electrodes placed on the left V1 and the saline-soaked sponge attached to the 

ipsilateral ear as a reference electrode. The current density was 31.26 mA/cm
2
, i.e., 7.82 

mA/cm
2
 for each silver ball to reach the ± 2 mA. 
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Figure 4.11.1 Modulation of VEPs induced by tDCS. A, Stimulation protocol for VEP 

recording of V1. Twenty light flashes at 1 Hz every 2 minutes were applied. VEPs were 

continuously recorded 30 min before (Control) and 60 min after (After-effect) tDCS 

presentation. Anodal and cathodal tDCS was administered during 20 min over V1 on separated 

sessions. B, Representative averages of VEPs recordings before tDCS (n = 295, black traces) 

and after 20 min tDCS presentation on V1. Anodal after-effects during the first 30 min (1
st
 

blockanodal) presented by darker red traces (n = 276) and during the second half hour (2
nd

 

blockanodal) of post-tDCS by light red traces (n = 289). Cathodal after-effects during the first 30 

min (1
st
 blockcathodal) represented by darker blue traces (n = 290) and during the second half hour 

(2
nd

 blockcathodal) of post-tDCS by light blue traces (n = 277). Calibration as indicated.  

 

 

The results showed that anodal tDCS had little-to-no after-effect on the shape of VEPs, 

whilst cathodal tDCS induced a noticeable increase of the P1 component amplitude and 

a slight delay of P1 and N1 peak latency (Figure 4.11.1B). As shown in Figure 4.11.2 

the effects as represented by the mean amplitude and latency changes of P1 and N1 

VEP-components before and after tDCS application, underline the significant 



Results 

 82 

modulation of V1 excitability induced by cathodal tDCS. Peak amplitude values were 

normalized to the average value of the control situation. The analysis revealed no 

statistically significant changes (P = 0.425, FriedmanRM, Student-Newman-Keuls 

procedure as post hoc test) between P1 amplitude after anodal tDCS and P1 amplitude 

of the corresponding control situation, whilst P1 amplitudes presented statistically 

significant changes (P ≤ 0.001, FriedmanRM, Student-Newman-Keuls procedure as post 

hoc test) after cathodal tDCS compared to the control situation. These changes could be 

observed in each point during the entire 60 min after-effect recording, showing 

maximum amplitude increase of 234.58 ± 33.19% (mean ± SEM, n = 3) in the first 5 

min after tDCS application (Figure 4.11.2A).  

 

 

 

 

 

Figure 4.11.2 Peak amplitude and peak latency changes quantified for P1 and N1 components 

after 20 min anodal and cathodal tDCS presentation (red and blue columns, respectively). A, 

Mean averages (n = 3 animals) represented every 5 minutes for amplitude change (%) in P1 

(circles) and N1 (squares) 30 minutes before (black lines) and 60 minutes after anodal (red 

lines) or cathodal (blue lines) tDCS. B, Same as in A for latency change (ms). A-B, For 

statistical analysis each post-stimulation value was compared with the control value 

immediately previous to the tDCS presentation * = P1, ⁰ = N1, P<0.05 (FriedmanRM for non-

parametric test, post hoc Student-Newman-Keuls test). Error bars represent SEM (some error 

bars are too small to be shown). 
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The VEP peak latency values were normalized to the baseline value consisting of the 

average of all control values. A similar procedure was performed for the peak 

amplitude values. With respect to the peak latency of the two VEP components, no 

statistical significance was found after the application of anodal tDCS, with the 

exception in one point for P1 latency 50 min after anodal stimulation (P ≤ 0.05, 

FriedmanRM, Student-Newman-Keuls procedure as post hoc test). Cathodal tDCS 

induced after-effects with significant differences (P ≤ 0.05, FriedmanRM, Student-

Newman-Keuls procedure as post hoc test) in both P1 and N1 latency values up to 60 

min after stimulation compared to the control situation (Figure 4.11.2B). The 

maximum peak latency change of the P1 component occurred in the second half an 

hour of post-tDCS recording and was based on a delay (7.15 ± 0.19 ms) of the P1 peak 

compared to the control values of P1 peak latency. Regarding the N1 component the 

greatest latency change was observed in the first 5 min after cathodal tDCS with the N1 

peak occurring 2.08 ± 0.14 ms later compared to the N1 peak of the control VEPs. 

 

4.3.2. Modulation of learning acquisition during classical eyeblink conditioning 

induced by V1-tDCS 

 

In order to characterize the extent to which changes in V1 excitability induced by tDCS 

were able to modify associative learning in rabbits, a trace paradigm of classical 

eyeblink conditioning was performed with the simultaneous application of tDCS. For 

that, a binocular train of flashes (100 ms, 50 Hz) was used as CS, followed 250 ms later 

by an air puff (100 ms, 3 kg/cm
2
) directed to the left cornea as US (Figure 4.12C).  

 

This experimental design allowed recording of CRs and the concurrent presentation of 

tDCS to the ipsilateral V1 (Figure 4.12A). The first two conditioning sessions 

consisted of the sole CS presentation (H1 and H2). Each animal was trained for ten 

successive days (C1 – C10) with the paired presentation of CS and US. Conditioning 

sessions always consisted of 66 trials (6 series of 11 trials each). Anodal and cathodal 

tDCS were presented during conditioning day 2 (C2) and day 8 (C8), respectively 

(Figure 4.12B), similar to a prior study using the same animal model (Márquez-Ruiz et 

al., 2012). tDCS applied during conditioning consisted of anodal or cathodal current 

(anodal = 2 mA; cathodal = -2 mA; density current: 7.82 mA/cm
2
 for each silver ball; 

~30 min) presented in series 2, 4, and 6 (tDCS-ON) within the same conditioning 
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session. The EMG recording of the orbicularis oculi was used to characterize and 

define CRs. The EMG activity was rectified and integrated, to obtain the integrated 

area (IA). Subsequently, the CR onset was defined as the point where the integrated 

activity of the CR (IACR) overtook the integrated activity during the 200 ms before CS 

onset (IAcontrol) (Figure 4.12C). When this ratio between IACR and IAcontrol was ≥ 1.2, 

the response was considered a CR.  

 

 

 

 

Figure 4.12 Experimental design for classical eyeblink conditioning and simultaneous tDCS on 

V1. A, Indication of electrode location over V1 for tDCS (black circles). Both anodal and 

cathodal tDCS currents were applied between the 4 silver-ball electrodes (surface area in 

contact with the skull: 4 x 0.016 cm
2
) implanted over V1 and a large (35 cm

2
) sponge electrode 

(Ref.) placed on the ipsilateral ear. Classical conditioning of eyelid responses was achieved 

with the help of a trace-conditioning paradigm. Animals were presented with a binocular train 

of light flashes (20 Hz, 100 ms) as CS, followed 250 ms later by an air puff (100 ms, 3 kg/cm
2
) 

presented to the left cornea as US. Animals were implanted with recording bipolar hook 

electrodes in the left orbicularis oculi muscle (O.O. EMG) in order to evaluate the evoked CR. 

B, A total of 2 habituation and 10 conditioning sessions were carried out. Simultaneous anodal 

tDCS was applied on conditioning day 2 (C2, red box) and cathodal tDCS was applied on 

conditioning day 8 (C8, blue box). Conditioning sessions consisted of 66 trials (6 series of 11 

trials each) separated at random by intervals of 50-70 s. Of the 66 trials, 6 were test trials in 

which the CS was presented alone. C, From top to bottom are illustrated CS and US 

presentations, and a representative EMG recording (O.O. EMG) collected from the same 

animal during session C5. (Figure legend continued on page 85)→ 
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←(continued Figure legend from page 84) As criteria, the presence, during the CS-US interval, 

of EMG activity lasting >10 ms and initiated after CS onset was considered as a CR. In 

addition, the integrated EMG activity (IA) recorded during the CS-US interval (IACR) had to be 

greater than the integrated EMG activity recorded immediately before CS presentation (IAcontrol). 

The CR onset was defined by the point where IACR overtook IAcontrol. CR and UR are indicated. 

Calibration as indicated. 

 

 

After characterizing CRs, the evolution of the learning curve (n = 3) was calculated for 

all conditioning sessions (Figure 4.13). One-way ANOVARM with factor SESSION 

was performed and the results showed that the presence of concurrent anodal tDCS 

during C2 did not induce statistically significant changes (P = 0.660, ANOVARM, 

Bonferroni as post hoc analysis) in the percentage of CRs compared to the habituation 

sessions, reaching 32.71 ± 23.16% (mean ± SEM) of CRs during the anodal session. On 

day C3 (57.49 ± 27.16%) a significant increase (P = 0.015) was reached in CR 

percentage compared to the habituation sessions, with the highest percentage of CRs on 

C6 (76.69 ± 9.50%, P < 0.001). 

 

 

 

Figure 4.13 Evolution of CR percentage and tDCS effects over V1 on acquisition of classical 

eyeblink conditioning using a trace paradigm. Animals received anodal tDCS during session C2 

and cathodal tDCS during session C8. n = 3. *, P<0.05; **, P<0.01; ***, P<0.001, one-way 

ANOVARM comparing conditioning days (C1 – C10) with H2, Bonferroni correction as post 

hoc analysis. Error bars represent SEM. 
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The application of cathodal tDCS on C8 was associated with a decrease in the amount 

of CRs (45.63 ± 4.31%) sufficient to produce a lack of statistical significance (P = 

0.089) when comparing the CR percentage of day C8 with the values of the habituation 

sessions. Note that response variability was also reduced on C8. 

 

The lack of controls considerably reduces reliability of the results. Thus, extra 

conditioning sessions with two animals were performed to strengthen the previously 

stated findings. The main question was whether cathodal effects could be reproduced 

and specifically whether anodal tDCS would induce significant effects on learning in 

strongly trained animals, or whether motor learning becomes more resistant to the 

modulation of cortical excitability due to a longer training exposure resulting in a 

general lack of tDCS effects. Two animals were trained for several extra conditioning 

sessions. The additional training days consisted of conditioning sessions without tDCS 

(C11, C13) and two sessions with concurrent anodal (C12) and cathodal (C14) tDCS. 

The measures obtained from C11 were used as control values to compare with the 

active tDCS sessions (C12, C14). Anodal and cathodal sessions were 48 hours apart to 

avoid interference of stimulation effects. Besides CR percentage, the CR quality 

expressed by strength (relative area) and onset latency was analyzed and quantified. 

The relative area was defined as the ratio between IACR and IAcontrol for each response 

and the onset latency as the time difference between CS initiation and the CR onset 

(Figure 4.12C). Figure 4.14A shows representative EMG recordings from a strongly 

trained animal illustrating CRs from control (trace in black, C11), anodal tDCS (trace 

in red, C12) and cathodal tDCS (trace in blue, C14) sessions. CRs presented similar 

latencies whilst the relative area seemed to vary across conditions (control, anodal, 

cathodal).  

 

To confirm these observations, the quantitative analysis of all CRs was performed by 

calculating the mean relative area and latency of the series 2, 3, 4, 5, and 6 of each 

session. On session C8, series 1 was used as a control trial (without tDCS) and not 

included in the analysis. Series 1 from C7 and C9 were also excluded to keep the 

number of averages equal for each session (a total of 10 values per session for two 

animals). For an appropriate comparison between experimental and control sessions, 

relative area values were normalized via dividing the average of each series (of sessions 
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C11, C12, and C13) by the average of the highest observed relative area (strongest 

response) observed across the control series.  

 

 

 

 

 

Figure 4.14 tDCS effects on performance and timing of CRs in strongly-trained animals. A, 

Representative orbicularis oculi (O.O. EMG) recordings collected from a strongly-trained 

animal presenting responses from a control session (traces in black), anodal tDCS session (trace 

in red), and cathodal tDCS session (trace in blue). The presence, during the CS-US interval, of 

EMG activity lasting >10 ms and initiated after CS onset was considered as a CR. The 

integrated EMG activity (IA) recorded during the CS-US interval (IACR) had to be greater than 

the integrated EMG activity recorded immediately before CS presentation (IAcontrol). The CR 

onset was defined by the point where IACR overtook IAcontrol. B-D, Modulation of CR 

percentage (B), CR strength (C) and CR onset latency (D) induced by tDCS in strongly-trained 

animals. Normalized values (100% = maximum response) from the recordings collected from 

three (control, anodal, cathodal) extra conditioning sessions*, P<0.05, one-way ANOVARM. 

Error bars represent SEM.  
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Similarly, the CR onset latency values (time difference between the CS initiation and 

the CR onset) from session C11, C12, and C13 were normalized by dividing the 

average of each series by the lowest latency (fastest response) observed across the 

control series. One-way ANOVARM was performed with the factor SESSION and the 

results represented in Figure 4.14B demonstrated once more that cathodal tDCS 

reduced the number of CRs (P = 0.044; ANOVARM, n = 10; Bonferroni correction as 

post hoc test), whilst no significant differences were found between the control and 

anodal session (P = 1.000). With regard to the response strength (relative area), the 

statistical analysis revealed a significant main effect (P = 0.038, ANOVARM, n = 10). 

CRs during the anodal tDCS session showed significant stronger responses compared 

to the cathodal session (Figure 4.14C) as revealed by post hoc comparisons using 

Bonferroni (anodal vs. cathodal: P = 0.042; control vs. anodal: P = 0.195; control vs. 

cathodal: P = 1.000). Responses during the anodal session appeared slightly earlier 

compared to the control session. However, the statistical analysis did not reveal 

significant differences (P = 0.668). Similarly, CRs during cathodal tDCS showed no 

change in onset latency after flash presentation compared to the control session (Figure 

4.14D).  

 

Given these points, the presentation of cathodal currents on V1 significantly impaired 

CR performance by reducing the number of CRs. Moreover, anodal V1-tDCS seemed 

to have no impact on CR quantity during classical eyeblink conditioning, as has been 

observed for anodal MC-tDCS. In turn, CR strength was significantly enhanced with 

anodal tDCS over V1 compared to the CRs from the cathodal session, showing some 

similarities with the anodal tDCS effects over MC (Experiment 2). However, the lack 

of a control group receiving sham tDCS on V1 complicates the interpretation of the 

results.  
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Experiment 4 

 

4.4. Testing thermal epidural effects during tDCS over the cerebral 

cortex 

 

Finally, the last series of experiments served to rule out that tissue heating induced by 

the transcranial stimulation interfered with the observed tDCS effects of the previous 

experiments. The aim was to examine the epidural thermal variations of the 

transcranially stimulated site during and after prolonged tDCS in the alert rabbit. 

 

For brain temperature measurement, a NTC thermistor was epidurally implanted on the 

MC and tDCS was simultaneously applied through a silver chloride (Ag/AgCl) disc 

electrode over the MC skull (Figure 4.15).  

 

 

 

 

Figure 4.15 Experimental design for brain temperature measurement with concurrent tDCS 

application indicating the electrode location over MC. tDCS currents were applied through a 

silver chloride disk electrode (0.5 cm
2
) inserted in a plastic tube (ø 8 mm) implanted over MC 

whilst a large (35 cm
2
) saline-soaked sponge electrode placed on the contralateral ear served as 

a counterelectrode (Reference). An epidural NTC (Negative Temperature Coefficient) was 

placed on MC (under the epicranial stimulating electrode) for continuous brain temperature 

measurement.  
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Before starting the experimental series, the correct operation of the NTC thermistor was 

tested by introducing a small amount of electro-gel (previously heated up until 45 ºC) 

in the plastic tube over the skull envisioned for the tDCS application. Immediately, a 

short-latency increase of the epidural brain temperature was observed, reaching the 

maximum change (∆ 0.45 ºC) after 60 s (Figure 4.16). During experimental sessions, 

the brain temperature was continuously recorded before, during and after anodal and 

cathodal tDCS. The stimulation was applied with different current densities during 60 

or 120 min (depending on the magnitude of current density).  

 

 

 

 

Figure 4.16 Testing for correct operation of the NTC thermistor. Electro-gel was heated up to 

45° C and inserted in the plastic tube over the skull. Immediately after, epidural brain 

temperature rapidly (60 s) increased (Δ 0.45°C) and ten minutes later normal brain temperature 

was reached again. 

 

 

In order to reproduce tDCS conditions used in humans, in a first series of recordings the 

current density was set at ±0.029 mA/cm
2 
(usually applied in humans), stimulating with 

an tDCS intensity of ±14.6 µA in accordance with the disc electrode surface (0.5 cm
2
). 

Figure 4.17A illustrates that this current density did not induce noticeable temperature 

variations in a representative animal.  
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Figure 4.17 Thermal effects of tDCS over the cerebral cortex for a representative animal. A-C, 

Continuous measurement of epidural brain temperature before (25 min), during (120 or 60 min) 

and after (25 min) anodal (red lines) and cathodal (blue lines) tDCS presentation. Anodal and 

cathodal currents were presented on separate days. Brain temperature (°C) recordings for tDCS 

current densities that are usually applied in humans (±0.029 mA/cm
2
, ±14.6 µA) (A), one order 

of magnitude higher (±0.29 mA/cm
2
, ±146.0 µA) (B), and, until two orders of magnitude 

higher (±2.9 mA/cm
2
, ±1460.0 µA) than generally used in humans (C). Magnitude of tDCS 

intensity marked with grey background. Insertion in A serves to highlight the very low tDCS 

intensity. *Temperature change due to movement of the animal in the restriction box.  

 

 

A second and third experimental series were performed to investigate whether higher 

tDCS current densities were able to induce relevant thermal changes. Thus, current 

density was increased one order of magnitude above (±0.29 mA/cm
2
) the one applied in 

humans, i.e., tDCS intensity was set at ±146 µA for 60 min (Figure 4.17B). In the third 

series, current density was augmented up to two orders of magnitude higher (±2.9 

mA/cm
2
) than normally used in humans. To reach the mentioned current density, the 

tDCS intensity was increased until ±1460 µA and applied over 60 min (Figure 4.17C). 

Evidently, none of the used current densities induced a major variation of brain 

temperature neither during nor after the application of tDCS for this representative 

animal.  



Results 

 92 

The data for three animals was quantified and illustrated in Figure 4.18. The 

temperature measures were averaged every 5 min for each session for both anodal and 

cathodal conditions. The results show that the application of the lowest current density 

of tDCS (0.029 mA/cm
2
) over 120 min did not reveal statistically significant (Anodal/P 

= 0.370, Cathodal/P = 0.289, n = 3, ANOVARM) variations of the brain temperature 

along the entire session, showing a maximum temperature variation of 0.40 ± 0.28 ºC 

for the anodal session (mean ± SEM) and 0.38 ± 0.25 ºC for the cathodal session 

(Figure 4.18A).  

 

 

 

 

Figure 4.18 Averaged raw thermal effects of tDCS over the cerebral cortex. A-C, Averages (n 

= 3) calculated for every 5 min of epidural temperature (°C) measurement before (25 min), 

during (120 or 60 min) and after (25 min) tDCS. Anodal and cathodal currents were applied on 

separate days. Current densities similar to those used in humans (±0.029 mA/cm
2
, ±14.6 µA) 

(A), one order of magnitude higher (±0.29 mA/cm
2
, ±146.0 µA) (B), and until two orders of 

magnitude higher (±2.9 mA/cm
2
, ±1460.0 µA) (C) than generally applied in humans were used. 

Magnitude of tDCS intensity marked with grey background. Insertion in A serves to highlight 

the very low tDCS intensity. Error bars represent SEM. One-way ANOVARM applied for each 

condition revealed a non-significant main effect for all conditions (n = 3).  
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Similarly, the averaged temperature values for tDCS current density of one order of 

magnitude higher than usually used in humans (±0.29 mA/cm
2
) presented no statistical 

significance for 60 min anodal (0.29 mA/cm
2
, P = 0.255, n = 3, ANOVARM) or 

cathodal application (0.29 mA/cm
2
, P = 0.563, ANOVARM). The maximum observed 

change of brain temperature across the anodal session was 0.26 ± 0.13 ºC, whereas the 

cathodal session presented a maximum variation of 0.28 ± 0.31 ºC (Figure 4.18B). 

Finally, the current density of two orders of magnitude higher (±2.9 mA/cm
2
) than 

generally applied in humans also resulted in non-significant (Anodal/P = 0.536, 

Cathodal/P = 0.440, n = 3, ANOVARM) thermal changes during and after tDCS 

application. In this case, the maximum changes of temperature were 0.34 ± 0.39 ºC and 

0.58 ± 0.55 ºC for anodal and cathodal presentation, respectively (Figure 4.18C). 

During the 60 min of cathodal tDCS (-2.9 mA/cm
2
) a decreasing trend of brain 

temperature can be observed. The higher inter-subject variance and the individual data 

show that this observed trend is driven by a single animal. Nevertheless, this steady and 

slow decrease besides other minor and slow appearing temperature variations observed 

across the three experimental series are unlikely to be caused by the application of 

tDCS but rather by natural physiological temperature fluctuations (Kawamura et al., 

1966).  

 

To minimize baseline variations between animals, data of each animal was normalized 

to the average value of its baseline (before tDCS) temperature and represented in 

Figure 4.19. As can be observed, the resulting normalized curves did not differ 

noticeably from the curves presenting raw temperature values. Accordingly, statistical 

analysis did reveal non-significant thermal variations for all three current densities 

(±0.029 mA/cm
2
, ±0.29 mA/cm

2
, ±2.9 mA/cm

2
) of anodal and cathodal tDCS (Table 1). 

 

In summary, these results confirm that modulation of learning observed in Experiment 

2 (tDCS applied through a disc electrode) was not influenced by thermal changes in the 

brain tissue generated under the tDCS electrodes. For Experiment 3 (4 silver-ball 

electrodes) possible thermal variations induced by tDCS cannot completely be 

discarded since applied current densities were higher (up to 7.82 mA/cm
2
 per ball when 

2 mA tDCS was used).  
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Table 1. Statistical results of brain temperature measured continuously before, during and after 

tDCS applied with three different current densities. ANOVARM showed non-significant (P > 

0.05) temperature variations across each experimental session.   

 

 

 

 

 

 

Figure 4.19 Averaged and normalized thermal effects of tDCS over the cerebral cortex. A-C, 

Temperature measures of each animal were normalized to the average value of its baseline 

(before tDCS) temperature. Averages (n = 3) calculated for every 5 min of epidural temperature 

measurement before (25 min), during (120 or 60 min) and after (25 min) tDCS. Anodal and 

cathodal currents were applied on separate days. (Figure legend continued on page 95)→ 

Polarity Current density             

(mA/cm
2
) 

P – values           

Raw data (°C) 

P – values             

Normalized data (%) 

 0.029 0.370 0.370 

Anodal 0.29 0.255 0.255 

 2.9 0.536 0.535 

 0.029 0.289 0.288 

Cathodal 0.29 0.563 0.562 

 2.9 0.440 0.441 
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←(continued Figure legend from page 94) Current densities similar to those used in humans 

(±0.029 mA/cm
2
, ±14.6 µA) (A), one order of magnitude higher (±0.29 mA/cm

2
, ±146.0 µA) 

(B), and until two orders of magnitude higher (±2.9 mA/cm
2
, ±1460.0 µA) (C) were used. 

Magnitude of tDCS intensity marked with grey background. Insertion in A serves to highlight 

the very low tDCS intensity. Error bars represent SEM. One-way ANOVARM applied for each 

condition revealed a non-significant main effect for all conditions (n = 3).  
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5.1. New insights into cerebral cortex’s function during associative 

learning 

 
The experimental work of the present Doctoral Thesis provides novel findings about 

associative motor learning and enriches the understanding of neural structures 

implicated in the acquisition process of classical conditioned eyeblink responses. 

Despite the commonly assumed roles of the cerebellum and hippocampus in the 

generation of learned eyeblink responses (Christian and Thompson, 2003; Thompson 

and Steinmetz, 2009), the present study strongly proposes a major role of the MC in the 

acquisition of classical conditioned eyelid responses in the rabbit. Earlier studies 

pointed towards a possible participation of this cortical structure in the associative 

learning process (Woody et al., 1970, 1974; Megirian, 1973; Aou et al., 1992; Birt et al., 

2003). However, carefully-performed electrophysiological recordings of MC activity 

and antidromic identification of MC neurons were still missing to support this 

hypothesis. In the present work, MC neurons present a clear increase in their firing rate 

well in advance (≥ 50 ms) with respect to the CR onset and could be characterized and 

partially identified as monosynaptic projections to FN or RN. In addition, the 

acquisition of eyeblink conditioning was modulated by shifting the neuronal 

excitability of the MC and sensory cortex (V1 – present results; S1 – Márquez-Ruiz et 

al., 2012), clearly confirming the implication of the cerebral cortex in associative motor 

learning. Therefore, the final outcomes of the present Doctoral Thesis provide exciting 

and novel insights into the complex ‘machinery’ of this seemingly simple learning of 

eyeblink responses and suggest a distributed network of various neural structures 

implicated in the acquisition of classical eyeblink conditioning – as has been already 

suggested by previous studies (Siegel et al., 2015; Yang et al., 2015) – rather than an 

exclusive involvement of one or few regions.  

 

 

5.2. Role of the MC during classical eyeblink conditioning 

 

5.2.1. Activity of different MC neurons during eyeblink conditioning  

 

After years of discussion and debate about the implicated neural regions in the 

acquisition of classical eyeblink conditioning, the present results clearly show for the 
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first time that the MC neurons are involved in the generation of eyelid CRs. Recorded 

neurons were classified as MC neurons projecting to FN or RN, and as MC neurons 

with an unidentified projection site (non-activated neurons, Types A-C). Importantly, 

the firing of several recorded MC neurons from the different types started during the 

CS-US interval well in advance (>50 ms) of the beginning of CRs. The classification of 

non-activated MC neurons was based on the firing pattern from each neuron. Thus, 

type A neurons increased their discharge rates across conditioning sessions during the 

CS-US interval and reached peak firing during that interval, while type B cells 

presented a second peak during the US presentations. Since this firing pattern seemed 

to be more similar to the firing pattern observed from the MC neurons projecting to FN, 

type A and B neurons might well project to FN. It is possible that these neurons form 

part of sub-populations with very slowly-conducting, nonmyelinated axons in the MC 

as has been observed for the wrist and hand area of the primate motor cortex 

(Humphrey et al., 1978). These types of neurons are often omitted by antidromic 

activations, since this method is biased towards the detection of neurons with fast-

conducting axons (Swadlow, 1998; Firmin et al., 2014). Type C cells increased their 

firing rate across the CS-US interval, reaching peak values at the time of US 

presentation. A similar activation pattern was observed for most MC neurons projecting 

to RN. Thus, it is possible that type C neurons project to RN through slowly-conducting 

axons based on the same explanation as for type A and B neurons. Together, the 

identification of MC neurons presenting firing activities initiated well in advance to the 

CRs onset weakens the hypothesis of the exclusive role of the cerebellum (Christian 

and Thompson, 2003; Thompson and Steinmetz, 2009) in the generation of CRs during 

the classical eyeblink conditioning. 

 

 

5.2.2. MC control of the orbicularis oculi muscle 

 

The intrinsic organization of the FN showing different groups of motoneurons 

innervating facial muscles is well preserved across mammals (Morecraft et al., 2001; 

Sherwood, 2005). In particular, orbicularis oculi motoneurons occupy the dorsolateral 

subdivision of the nucleus in primates (Porter et al., 1989; Morecraft et al., 2001), cats 

(Radpour, 1977; Shaw and Baker, 1985; Holstege et al., 1986), rabbits (Holstege and 

Collewijn, 1982), mice (Komiyama et al., 1984), and rats (Martin and Lodge, 1977). At 
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the same time, facial muscles have distributed and repeated representations in different 

MC areas (Morecraft et al., 2001; Müri, 2016). Although it has been suggested that 

direct descending projections from the MC in the FN are present only in catarrhine 

primates, in relation to their enhanced facial expressions (Sherwood, 2005), the present 

results indicate, by the use of neuronal tracers and unitary activity recordings, the 

presence of a relatively modest monosynaptic projection of MC neurons into the 

orbicularis oculi subdivision of the FN in the rabbit. In this regard, Grinevich and 

colleagues (2005) have described a more definite monosynaptic pathway from the 

vibrissa MC to facial motoneurons in rats. Although MC projections to orbicularis 

oculi motoneurons in rabbits did not appear as dense as those described for vibrissa 

motoneurons in the rat, the effects of MC stimulations on the EMG activity of the 

orbicularis oculi muscle (Figure 4.2) indicate the presence of functional post-synaptic 

influences of the MC projecting neurons on orbicularis oculi motoneurons. Fanardjian 

and Manvelyan (1987) have reported similar findings in acute electrophysiological 

experiments carried out in anesthetized cats demonstrating that stimulation of MC 

resulted in evoked polysynaptic excitatory and inhibitory potentials in facial 

motoneurons. As reported here, MC neurons projecting to FN and non-activated MC 

neurons (Types A, B, and C), and in a less clear manner neurons projecting to RN, 

started firing well in advance of the initiation of CRs (anticipated firing to CR between 

approx. 130 and 50 ms). In contrast, identified orbicularis oculi motoneurons start their 

firing  2 ms before the initiation of EMG activity of the innervated muscle (Trigo et 

al., 1999a). These differences are suggestive of a slowly building depolarization of 

facial motoneurons preceding their firing during the generation of eyelid CRs. A 

comparison between the short latencies in the activation of facial motoneurons during 

corneal reflex responses (Baker et al., 1980; Shaw and Baker, 1985; Trigo et al., 1999a) 

and the long latencies for MC activation of orbicularis oculi motoneurons (present 

results) proposes, respectively, the contribution of somatic projections of second-order 

trigeminal neurons and distal dendritic projections of MC neurons on these 

motoneurons. This suggestion is supported by acute electrophysiological experiments 

carried out in anesthetized cats (Fanardjian et al., 1983; Fanardjian and Manvelyan, 

1987). As described by the authors and confirmed by prior studies (Tanaka et al., 1971; 

Iwata et al., 1972), the spinal trigeminal nucleus is one of the principal relay centers 

passing information to the neurons of the FN that participate in short-latency reflex 

responses. On the other hand a gradual or slowly building polarization appears to be 
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activated through distal dendritic projections, which might be the pathway for relatively 

long-latency responses (Fanardjian et al., 1983) of MC neurons projecting on the facial 

motoneurons. In addition, the different depolarization profiles and the strength of 

activation of facial motoneurons during the corneal reflex and during CRs (Trigo et al., 

1999a) explain at least in part the different profiles and kinematics of reflex vs. 

conditioned eyelid responses (Trigo et al., 1999a; Gruart et al., 2000c). In brief, the 

present results show first evidence in the rabbit of direct, albeit sparse, descending MC 

projections in the FN, specifically in the subdivision representative for the orbicularis 

oculi motoneurons.  

 

Besides the mentioned MC projections, MC commands also reach the FN across 

cortical projections to the RN. Indeed, prior research showed that the RN receives 

substantial inputs from the MC (Miller and Gibson, 2009; Gruber and Gould, 2010) and 

the firing of RN neurons projecting to the contralateral FN is significantly disfacilitated 

by MC inactivation (Pacheco-Calderón et al., 2012). The antidromically identified MC 

neurons described here, and possibly type C neurons recorded in MC, seem to project 

to the RN.  

 

 

5.2.3. Motor areas and classical eyeblink conditioning 

 

Different studies have confirmed the presence of activity-dependent mechanisms in the 

dendrites of MC pyramidal neurons and cortical reorganizations in relation to the 

acquisition of new motor abilities (Doyon et al., 2003; Doyon and Benali, 2005). For 

example, an increase in dendritic length of layer V pyramidal neurons (Gloor et al., 

2015) as well as a substantial synaptic remodeling of dendritic spines (Brecht et al., 

2013; Ma et al., 2016) have been described as a result of the acquisition of a motor 

learning task. In addition, it also has been reported that both synaptic remodeling and 

the acquired learning can be removed with the help of optogenetic tools (Hayashi-

Takagi et al., 2015). These cortical plasticity processes taking place in distal dendrites 

are dependent on proper NMDA-specific glutamate receptor functions (Hasan et al., 

2013) and seem to be regulated by somatostatin-expressing inhibitory neurons (Chen et 

al., 2015). Earlier studies proposed an essential role of MC for the execution of CRs 

after examining functional and reversible ablation of the cortex induced by cortical 
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spreading depression achieved through KCL injections (Megirian, 1973). Finally, two 

seminal studies convincingly demonstrated the presence of depolarizing excitatory 

post-synaptic potentials (EPSPs – increases the likelihood of postsynaptic action 

potential occurring) in the pericruciate cortex of awake cats in response to CS and US 

presentations (Birt et al., 2003) and that the activation of recorded cortical units by CS 

presentations preceded the onset of the evoked classical CRs (Aou et al., 1992). In 

summary, the findings collected by several research groups further support the present 

results, confirming the hypothesis that the MC is involved in the acquisition of 

classically conditioned eyelid responses.  

 

Certainly, a distributed network of motor areas is probably implicated in the learning 

process of classical eyeblink conditioning. As described earlier, MC commands also 

reach the FN across cortical projections to the RN. In fact, a smaller portion of the 

antidromically activated MC neurons projecting to the RN (20 of 189 neurons), 

together with the type C MC neurons described here which possibly project to the RN, 

seem to carry motor command signals preferentially related to the performance of CRs, 

along with other eyelid motor behaviors. A characteristic that is also present in RN 

neurons projecting to the FN (Pacheco-Calderón et al., 2012). Thus, the results of the 

present study show that both the monosynaptic MC-FN as well as the MC-RN-FN 

pathways seem to be implicated in the generation of CRs.  

 

On the other hand, it is well known that the MC also sends descending projections to 

the cerebellum via pontine nuclei (Brodal, 1987; Kosinski et al., 1988), a fact already 

taken into consideration in previous studies on classical eyeblink conditioning 

(Ivkovich and Thompson, 1997). It should be noted here that this important projection 

reaches the cerebellum providing an efference copy of cortical motor commands (Holst 

and Mittelstaedt, 1950; Sperry, 1950). Feedback projections from cerebellar nuclei to 

different cortical areas are then capable of modulating those motor commands for better 

performance of the aimed motor responses, especially having a greater impact on 

timing of the CRs than to their generation and/or initiation (Sánchez-Campusano et al., 

2007; Yang et al., 2015).  

 

As shown in prior research (Pacheco-Calderón et al., 2012), the reversible inactivation 

of the MC evoked a significant reduction in the integrated EMG amplitude of both 
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conditioned and unconditioned responses, more noticeable in the former. These results 

and the fact that the present study directly demonstrated the involvement of the MC in 

the acquisition of classical eyeblink conditioning in the rabbit are in contrast with those 

of classic studies indicating that even large MC lesions do not seem to affect the 

acquisition or performance of CRs in rabbits and cats (Oakley and Russell, 1977; Mauk 

and Thompson, 1987; Ivkovich and Thompson, 1997), suggesting that MC is not 

necessary for classical conditioning of eyeblink responses. Nevertheless, Kelly and 

colleagues (1990) described the presence of noticeably modified CRs in the 

decerebrate-decerebellate rabbit. Similarly, in different forms of Pavlovian conditioning, 

functional decortications prevented acquisition of CRs capable of disrupting the 

baseline activity (Bures and Buresova, 1963; Russell et al., 1969). The interpretation of 

lesion studies should be treated with caution since behavior is usually tested > 1 week 

after the intervention, i.e., other brain areas might experience reactive and 

compensatory changes that could have an effect on post-operative behavior (Freeman 

and Steinmetz, 2011). Such compensatory function – in this case, after acute 

inactivation of the IP – has been recently observed and demonstrated for the RN and 

the surrounding pararubral area, as these areas are able to substitute for the respective 

motor roles of cerebral cortical and cerebellar structures in the eyeblink conditioning 

(Pacheco-Calderón et al., 2012). This is because they receive afferents from different 

sensory modalities (Padel et al., 1988) and present rich intrinsic circuits (Haley et al., 

1988; Horn et al., 2002).  

 

In summary, in accordance with the above contentions, it can be proposed that the MC 

is an important cerebral structure in the generation and performance of eyelid CRs. 

Furthermore, previous investigations suggest the presence of additional neural centers, 

besides the MC and the cerebellum, with a limited capacity to generate CRs.  

 

 

5.3 Modulation of associative learning by changing motor cortex’s 

excitability 

 

The second series of experiments of the present Doctoral Thesis aimed to confirm and 

underline the role of the MC and its impact on the motor learning process during the 

acquisition of classical eyeblink conditioning. The results clearly proved that MC 
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neurons fire a burst of action potentials preceding the EMG activation of the 

orbicularis oculi muscle during the CS-US interval – i.e., during the generation of CR. 

To study whether modulating the excitability of the MC neurons could modify the 

learning process and/or the quality of learned responses, weak direct currents on MC 

were applied during the acquisition of classical eyeblink conditioning.  

 

 

5.3.1. Enhancement of acquisition of classical eyeblink conditioning induced by 

anodal MC-tDCS 

 

The application of direct current stimulation has been shown to be a reliable technique 

of modulating cortical excitability in human (Nitsche and Paulus, 2000, 2001; López-

Alonso et al., 2015; Ammann et al., 2017), and in animal studies both in vivo (Bindman 

et al., 1964; Cambiaghi et al., 2010; Márquez-Ruiz et al., 2012) and in vitro (Radman et 

al., 2009; Rahman et al., 2013). Accordingly, the present results clearly demonstrated 

that the modulation of MC excitability via the concurrent application of tDCS induced 

a significant impact on the associative learning process. Specifically, the rate of learned 

responses was increased during the CR acquisition (day C3) when anodal tDCS was 

applied on the palpebral MC area (Figure 4.8.1). Thus, these results support the 

previously stated hypothesis proposing a critical role of the MC during the acquisition 

of eyeblink conditioning. On the other hand, it is also shown for the first time that 

tDCS-induced modulation of the animal’s MC excitability elicited improved motor 

performance during the acquisition of a learning task.  

 

Currently, only a few studies based on animal models have examined the role of the 

cerebral cortex during learning by applying modulatory weak direct currents over the 

scalp. One reason for this lack of literature might be the technical challenge of applying 

tDCS in vivo, especially in the behaving animal during the task performance. Dockery 

and colleagues (2011) applied anodal and cathodal tDCS over the frontal cortex in 

order to measure its effects on performance in spatial working memory and skill 

learning based on avoidance in rats. The authors found no measurable short-term 

effects of anodal or cathodal tDCS on performance when applied before working 

memory training. Nevertheless, long-term benefits from cathodal stimulation appeared 

on day 21 (without stimulation). This observation was established by improved 
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retention of the task in comparison with the control group. The findings support that 

diminishing the excitability of the frontal cortex via acute stimulation paired with 

working memory training and skill learning of a novel task induces long-term benefits. 

Furthermore, Márquez-Ruiz and colleagues (2012) studied the susceptibility of the 

eyeblink conditioning to S1 modulation using the same animal model as in the present 

study, with the difference that electrical stimulation of the whisker pad was used as CS 

instead of a tone or flash. Consistent with the polarity-specific effects, the acquisition 

of the learning was potentiated or weakened (based on the rate of learned eyeblink 

responses) by the concurrent application of anodal or cathodal tDCS, respectively. The 

authors demonstrated the implication of S1 during eyeblink conditioning proposing that 

cortical sensory perception processes required for associative learning were modulated 

by tDCS leading to an improved (via anodal tDCS) or impaired (via cathodal tDCS) 

perception of the sensorial stimulus at the whisker pad. A recent study also 

demonstrated that modulation of S1 excitability via bilateral anodal tDCS improved 

accuracy of reaching movements, and selectively changed quality of movement 

components in rats performing a skilled forelimb reaching task for 20 consecutive days 

while concurrently receiving tDCS (Faraji et al., 2013). In conformity with the 

mentioned studies, the present results reveal that, besides the cortical modulation of 

sensory inputs, MC excitability also plays an important role during the acquisition of a 

motor learning task, specifically the learning of conditioned eyelid responses. 

Interestingly, while S1 was susceptible to cathodal tDCS resulting in learning 

impairment (Márquez-Ruiz et al., 2012), quantity of learned eyeblink responses was not 

reduced when cathodal currents were applied over MC. However, as discussed in the 

next section (5.3.2), eyeblink response quality measured by response magnitude and 

onset latency was altered by cathodal tDCS. 

 

The implicated cortical mechanisms and structures in learning, specifically motor 

learning, have been explored more extensively in humans using tDCS. However, the 

direct comparison of tDCS effects between animal and human studies ends frequently 

with discordant conclusions, due to the lack of similarity between the experimental 

designs used in animals and clinical practice protocols. Nevertheless, the use of animal 

models is crucial to extend our knowledge of basic processes underlying behavioral and 

electrophysiological effects observed in human studies (Márquez-Ruiz et al., 2014), 
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and great efforts have been made in the last years to develop human-research-oriented 

animal models of tDCS to improve translational aspects (Jackson et al., 2016).  

 

With this in mind and similar to the present results, Nitsche and colleagues (2003b) 

showed for the first time in the human that the excitability increase of the primary MC 

induced by anodal tDCS applied during training enhances performance in the 

acquisition and early consolidation phase (i.e. stabilization of the motor memory 

rapidly after its initial acquisition) of an implicit motor sequence learning task 

illustrated by reduced reaction times – a common way to quantify this type of motor 

learning. MC activity was seemingly not altered by cathodal stimulation. A series of 

tDCS investigations showed similar results and confirmed the implication of MC 

during motor sequences learning (Savic and Meier, 2016). Thus, based on an extended 

list of human studies that focused research on understanding the role of different 

cortical areas during motor learning, the use of tDCS seems to be a potential technique 

for this purpose (Ammann et al., 2016).    

 

With regard to associative learning paradigms, the involvement of the cerebellum 

during classical eyeblink conditioning (mainly delay paradigm) has been repeatedly 

demonstrated in human and animal studies (Gerwig et al., 2007; Freeman and 

Steinmetz, 2011; Yang et al., 2015). Nevertheless, the fact that S1 modulation showed a 

significant impact on the amount of learned responses (Márquez-Ruiz et al., 2012) 

together with the evidence of MC neurons’ implication in the acquisition process of 

CRs (as demonstrated by the present work) suggested the logical step of testing the 

modulatory properties of tDCS over MC during the acquisition of this associative 

learning, instead of testing the stimulation over the cerebellum. However, the idea of 

testing cerebellar tDCS and, if possible, with simultaneous recording of cerebellar 

neurons to better understand the role of this structure during the acquisition of eyeblink 

conditioning, represents an interesting aim for future animal studies. In this context, 

first approaches have been performed by Zuchowski and colleagues (2014) in humans 

showing a significantly enhanced acquisition of CRs with anodal tDCS over the 

cerebellum ipsilateral to the US, and a markedly reduced acquisition rate of learned 

responses with cathodal tDCS compared to the sham condition, confirming the already 

reported polarity-specific modulation of cerebellar tDCS (Jayaram et al., 2012). In 

contrast to these findings (Zuchowski et al., 2014) but in accordance with the MC-
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tDCS results from the present study, Kaski and colleagues (2012) showed that 

acquisition and timing of CRs was not modified by cathodal stimulation, in this case 

with the electrode placed over the inion in humans. Moreover, a recently performed 

study could only detect modulation of CR acquisition at a trend level induced by anodal 

and cathodal cerebellar tDCS compared to sham when a cephalic reference electrode 

was used. No changes on CR acquisition were observed with an extracephalic 

reference, and for both tDCS montages no significant effects either on CR timing or 

extinction and savings were found (Beyer et al., 2017).  

 

In brief, findings acquired by using tDCS over different brain regions in humans and 

animals during learning support the hypothesis of a distributed neuronal network 

implicated in the acquisition of classical CRs, including MC as a vital part of this 

learning circuit. 

 

 

5.3.2. Null effect with cathodal MC-tDCS on the number of learned responses during 

acquisition of eyeblink conditioning 

 

The application of cathodal tDCS during the performance of associative learning did 

not show a significant impact on the number of performed CRs when the animal was 

already well-trained. This result was rather unexpected, since previous findings showed 

that S1 modulation via applying cathodal tDCS significantly reduced the percentage of 

CRs in a similar experimental design (Márquez-Ruiz et al., 2012). The decrease of S1 

excitability induced by cathodal tDCS was potent enough to modulate the sensory input 

and consequently alter the acquisition process, but when applied on MC, this cathodal-

induced shift of neuronal excitability seemed to be ineffective once the animal was 

well-trained to the paradigm. This finding could be suggestive for a well-consolidated 

motor memory (Goedert and Willingham, 2002; Muellbacher et al., 2002; Robertson et 

al., 2004) generated in the MC being less susceptible to changes (i.e., interference) of 

cortical excitability in advanced conditioning days (in this case, C8).  

 

Márquez-Ruiz and colleagues (2012) recorded sensory LFPs concurrently with the 

application of S1-tDCS during the conditioning. For this, the electrodes for tDCS (four 

silver balls) were placed around a small hole in the parietal bone where the 
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implantation of a tungsten microelectrode was used for the recording of LFPs. In the 

present study, the tDCS electrode (silver disc) was placed on the parietal bone without 

the need of a hole since no intracortical recordings were performed. However, 

Márquez-Ruiz and his group covered the hole with dental cement to avoid shunting 

through the skull cavity (Jackson et al., 2016), and consequently the ultimate current 

flow should not be significantly different compared to the intact skull (present study). 

On the other hand, the used electrodes montages (silver balls vs. silver chloride disc) 

presented a different electrode surface area (1.6 mm
2
/ball vs. 1 cm

2
) in contact with the 

bone, and thus the applied current density (15.6 mA/cm
2
 per ball vs. 2 mA/cm

2
) and 

consequently the strength of the induced electric field was of a different magnitude in 

each study. Another point which must be taken into account is that both studies 

investigated a slightly different type of associative learning (trace vs. delay paradigm). 

Together, the differences between both studies have to be considered when making 

conclusions about the discrepant results observed for cathodal tDCS.  

 

Based on previous tDCS studies, inconsistent results are not uncommon to observe. For 

example, several studies have reported enhanced performance and retention of a 

reaction time task with simultaneous anodal tDCS over MC (Nitsche et al., 2003b; 

Kang and Paik, 2011; Kantak et al., 2012; Ehsani et al., 2016), whereas a few studies 

have presented null effects of tDCS on the same type of learning (Stagg et al., 2011; 

Ambrus et al., 2016). On the other hand, Herzfeld and colleagues (2014) tested tDCS 

over cerebellum and MC during force field motor adaptation – a type of error-based 

learning where quickly accounting for perturbations leads to large behavioral changes 

(Krakauer and Mazzoni, 2011) – and found that cerebellar anodal tDCS enhanced the 

rate of acquisition. In contrast, Taubert and colleagues (2016) observed impaired 

adaptation and re-acquisition of a force field perturbation with cerebellar anodal tDCS. 

In brief, variability and contradictions between studies need to be considered. However, 

this is frequently caused by minor modifications of the experimental procedures 

between studies (Paulus, 2011; Horvath et al., 2014, 2015). 

 

Nevertheless, the following section will discuss possible physiological origins for the 

different effects observed on associative learning induced by cathodal tDCS on MC 

(present results) and S1 (Márquez-Ruiz et al., 2012), assuming that the previously 
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mentioned methodological differences between the two studies might have contributed 

to but not ultimately caused these divergent results.  

 

 

5.3.3. Modulation of response quality during the acquisition of classical eyeblink 

conditioning induced by MC-tDCS 

 

As explained in the previous section, the rate of conditioning learning (CR quantity) 

was not different to the control group when cathodal tDCS was applied over the MC. 

However, additional analysis revealed that CR quality (response latency and 

magnitude) was modified regardless of the well-trained state of the animal. In this 

context, animals showed weaker and a tendency of slower CRs on C8 when cathodal 

tDCS was applied compared to the conditioning sessions performed the day before and 

after. Therefore, it can be assumed that modulation of MC excitability via cathodal 

tDCS took place, causing a change in response quality rather than in response quantity 

of well-acquired CRs. In agreement, the possibility of altering learning performance 

through interference with memory consolidation even in a well-trained phase has been 

repeatedly demonstrated (Misanin et al., 1968; Nadel and Land, 2000; Nader et al., 

2000). 

 

Previous research performed in animals supports the hypothesis that this change in 

quality of the learned response was caused by a direct modulation of MC excitability 

and not by indirect processes induced in other neuronal structures. In this sense, 

Cambiaghi and colleagues (2010) reported significant modulation of evoked motor 

potentials (being a physiological marker for MC excitability) from the forelimbs when 

tDCS was applied over the MC in anaesthetized mice. Specifically, the authors found 

that MEP amplitude was significantly reduced with cathodal tDCS (and increased by 

anodal tDCS) compared to sham. It must be considered that these effects are measured 

after the application of tDCS (after-effects), whereas in the present study the recording 

of CRs and tDCS is performed during the conditioning session (series 1, 3, and 5: 

tDCS-OFF; series 2, 4, and 6 tDCS-ON). Consequently, the occurring physiological 

mechanisms might be different, since immediate (tDCS-ON) and after-effects (tDCS-

OFF) are involved.  
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In this context, the present results are in agreement with the findings reported by 

Márquez-Ruiz and colleagues (2012). Thus, the authors determined the immediate 

effect of cathodal (as well as anodal) tDCS on neuronal excitability through recording 

S1-LFPs during concurrent tDCS pulses. As a result, the first negative LFP component 

(N1) was significantly reduced in amplitude and area in response to simultaneous 

cathodal tDCS, and amplified by the simultaneous presence of anodal tDCS, whereas 

long-lasting changes were only observed for cathodal currents (LTD-like induced 

reduction of N1 amplitude). Thus, this study and the present work demonstrate the 

capability of anodal and cathodal tDCS to induce cortical-excitability and plastic 

changes during eyeblink conditioning. Although MC modulation induced by cathodal 

tDCS did not have an effect on the quantity of CRs in the present study, the results 

suggest that the observed decrease of response magnitude and the modest increase of 

response latency (slower CRs) with concurrent cathodal tDCS were caused by a shift 

towards decreased cortical excitability (immediate effect) and/or by LTD-like plasticity 

mechanisms occurring in MC. Anodal tDCS may have provoked a shift towards 

increased MC cortical excitability and/or LTP-like plasticity processes, explaining the 

significantly greater number of CRs observed during early conditioning. In addition, 

CR quality was also changed by anodal tDCS, manifested as an increase of response 

magnitude together with a tendency of slower CRs (decrease in response latency) 

compared to the sham group.  

 

As proposed by Márquez-Ruiz and colleagues (2012), modulating the excitability of the 

sensory cortex most likely interferes with the CS presentation, i.e., CS perception could 

be enhanced (through anodal tDCS) or impaired (through cathodal tDCS), accompanied 

by a higher number of CRs (anodal) or by response failures leading to a significant 

reduction of CRs (cathodal). In the present work, modulating MC excitability via 

cathodal MC-tDCS modified response quality but did not result in a significant change 

in the number of CRs. Thus, one possible explanation is that the animal in this case 

received uninterrupted information about when to respond since tDCS was delivered at 

a different cortical level, supposedly without interfering with CS perception. This could 

ultimately justify the different findings of cathodal tDCS presented to MC or S1 during 

eyeblink conditioning.  
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In summary, the present findings complement the statement from section 5.2 

suggesting that the MC plays a critical role in acquisition of classical eyeblink 

conditioning. The evidence for this crucial cortical contribution has been raised not 

only by recording MC neurons, which started firing well in advance (>50 ms) with 

respect to the initiation of CRs, but also by the enhancement or impairment of the 

learning acquisition and performance (response quantity and quality) through 

modulating the cortical excitability via the application of anodal or cathodal MC-tDCS.  

 

 

5.4 Modulation of associative learning by changing visual cortex’s 

excitability 

 

5.4.1. VEP components and neuronal contributions 

 

The third experiment series tested whether the modulation of neuronal excitability of 

the sensory cortex, specifically V1, would bring forth a comparable impact on classical 

eyeblink conditioning as observed with the previously performed MC (present results) 

or S1 (Márquez-Ruiz et al., 2012) modulation. Similarly, the procedure to modify V1’s 

excitability was based on applying transcranially direct currents, with the difference 

that the assessment of physiological markers (VEPs) was established to determine the 

direct impact of tDCS on neuronal activity. VEPs, induced by light flashes and 

recorded epicranially, presented an early positive component with a peak at ≈ 21 ms 

after the flash onset and a late negative component (≈ 49 ms). This observation is in 

accordance with previous studies performed in rabbits that recorded epidural VEPs 

with an early positive wave induced 20 – 30 ms after monocular light stimulation of the 

contralateral eye (Thompson et al., 1950; Yonemura and Tsuchida, 1968; Gerritsen, 

1971; Arezzo et al., 1988; Sakaguchi et al., 2004; Soto et al., 2004; Siu and Morley, 

2007). Other investigations indicate that VEPs of the rabbit presented first a negative 

wave at ≈ 20 ms. However, the authors reveal that, when the recording electrode was 

not inserted deep enough in the epidural space, the polarity of the N1 peak was reversed 

(Okuno et al., 2002). In this context, Porciatti and colleagues (1999) recorded VEPs 

intracortically in mice at different cortical depths and showed that VEPs recorded 

closer to the cortical surface displayed a positive waveform, whereas polarity was 

reversed with increasing cortical depths.  
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In the present study, VEPs were obtained by surface EEG recordings. In this context, it 

has been shown that the polarity of the EEG depends on the location of the synaptic 

activity within the cortex. Positive or negative deflections arise from both excitatory 

and inhibitory afferents of the pyramidal dendrites in the cerebral cortex. Thus, 

excitatory inputs in superficial layers or inhibitory inputs in deeper layers cause a 

negative deflection in the EEG, whereas excitatory inputs in deeper layers or inhibitory 

inputs in superficial layers generate positive deflections (Kirschstein and Kohling, 

2009; Westbrook, 2013). 

 

Regarding the neural origins underlying the generation of VEPs, the findings based on 

animal studies remain incomplete. In awake macaques, the VEP components induced 

by flash stimulation arise from different neural generators. For early positive 

components, a subcortical origin was proposed, while later negative and positive 

components originated from cortical V1 activity (Kraut et al., 1985). This is in 

discordance with the results from another study performed in awake macaques where 

V1 was suggested to contribute to early components, whereas later components may 

arise from V4 (Givre et al., 1994). One study performed in rats used visual pattern 

stimulation and the authors suggested that the early component (in this case negative) 

arises from the extrastriate cortex, whereas the later components (positive-negative) 

originate from V1 (Onofrj et al., 1985). However, they explain that the distinction of 

neural generators for flash VEPs is complicated, since their components arise from 

multiple origins [see for flash and pattern-reversal VEP comparison (Onofrj et al., 

1982)].  

 

The literature about the neural generators of VEPs in humans is more extensive, and 

proposes that the first VEP component named C1 (not labeled with P or N since its 

polarity can vary) with a peak at ≈ 100 ms originates from V1. The C1 wave is 

followed by the P1 wave possibly generated in the extrastriate cortex (early portion) 

and in the fusiform gyrus (later portion). The human VEP is constructed by more than 

the C1 and P1 wave, including the N1 wave (among others) probably arising from 

parietal and occipital cortex (Di Russo et al., 2002; Luck, 2005). Similar to the 

previously mentioned findings in rats, the neural origins of VEPs are induced by 

checkerboard pattern stimulation, while flash stimulation activates a large volume of 
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the visual areas (Farrell et al., 2007), which could explain the difficulty of defining the 

neural origins underlying this type of visual stimulation.   

 

On the other hand, it is known that the magnocellular and parvocellular pathways, two 

anatomically and physiologically distinct pathways that lead from the retina to the 

striate cortex, are the two major streams contributing to the visual perception (Nealey 

and Maunsell, 1994; Purves et al., 2004). Several studies performed in humans 

established magnocellular and parvocellular contributions that underlie the generation 

of VEPs and can be successfully isolated by the contrast level of the stimulus pattern. 

The magnocellular pathway responds to low-contrast stimulation while the 

parvocellular pathway responds to high-contrast stimulation (Rudvin et al., 2000; Souza 

et al., 2007).  

 

 

5.4.2. VEPs as physiological markers to measure cortical excitability 

 

Although neural origins of the different VEP components recorded in the rabbit cannot 

be determined with certainty, the application of tDCS could give information about the 

existence of different underlying neural generators, besides the aim of using this 

technique as a medium to address the role of V1 during classical eyeblink conditioning.  

 

Accordingly, the present findings show that significant tDCS effects were limited to 

specific components of VEPs, probably due to the fact that tDCS affects distinctively 

different cell groups in the visual cortex (Costa et al., 2015). Thus, no significant 

change in either amplitude or in latency of VEP components was observed after 

applying anodal currents for 20 min over V1. In contrast, cathodal currents induced a 

significant change in amplitude and latency for component P1 lasting up to 60 min after 

applying the stimulation, while for component N1 only a slight change in latency was 

induced and amplitude stayed unchanged. This finding could suggest a cortical origin 

for both components, specifically, P1 component from V1 (being the region stimulated 

directly under the tDCS electrodes) and N1 from extrastriate areas less affected by the 

induced electric field, since the cortex has been shown to be the most susceptible region 

to tDCS (Miranda et al. 2006, 2013; Ruffini et al., 2014). However, effects on VEPs are 

measured after 20 min of application of V1-tDCS, i.e., differences in VEP amplitude 
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could also arise from plastic changes in subcortical structures. Prior research has 

demonstrated that tDCS is capable of modulating the excitability of neural structures 

beyond the cortex, as has been shown in human (Polania et al., 2012; Nonnekes et al., 

2014) and animal (Bolzoni et al., 2013a-b) investigations. Moreover, presynaptic 

actions of tDCS have been described for thalamocortical synapses during the 

application of S1-tDCS in the awake rabbit (Márquez-Ruiz et al., 2012) and for 

preterminal axonal branches of interpositorubral neurons when tDCS was applied over 

the sensorimotor cortex in anaesthetized rats (Baczyk and Jankowska, 2014). However, 

further investigations are needed to confirm these hypotheses about the possible origin 

of VEP components in the rabbit. Surprisingly, cathodal tDCS increased VEP 

amplitude, which is in contrast with the reported ‘classical’ decrease in amplitude of 

both human and animal MEPs (Nitsche and Paulus, 2000; Cambiaghi et al., 2011), or 

sensory LFPs in rabbits (Márquez-Ruiz et al., 2012) and human somatosensory evoked 

potentials (Dieckhöfer et al., 2006; Vaseghi et al., 2015).  

 

Interestingly, the present finding is not the first indication of augmented amplitude of 

the positive VEP component observed after applying cathodal V1-tDCS. Antal and 

colleagues (2004b) recorded (besides the ‘classical’ increase/decrease of N70 

amplitude induced by anodal/cathodal tDCS) enlarged amplitude of P100 immediately 

after applying cathodal stimulation on healthy participants, similar to the observations 

of Accornero and colleagues (2007) with the difference that they also observed 

significant effects for anodal polarization manifested by smaller P100 amplitude. 

Moreover, similar to the present results, Viganò and colleagues (2013) observed 

unmodified VEP amplitudes after applying anodal tDCS to V1 in healthy volunteers 

and episodic migraine patients.  

 

Thus, even with methodological differences across studies (animal vs. human; flash vs. 

pattern stimulation), results are in partial agreement showing neuronal modulation 

induced by cathodal V1-tDCS does not always manifest as the ‘classical’ decrease in 

potential size, in addition to a lack of neuromodulatory effects with anodal V1-tDCS. 

Nevertheless, a recent study performed with anesthetized mice used flash stimulation 

(20 flash stimuli at 1 Hz) to induce VEPs recorded from two epidural screw electrodes 

implanted in V1. The authors observed VEPs with a first negative N1 (≈ 28 ms), 

followed by a positive P1 (≈ 38 ms) and a second negative N2 (≈ 57 ms) component. 
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The application of 10 min anodal or cathodal tDCS significantly increased or 

decreased, respectively, P1 amplitude by about 30% compared to the control condition 

(Cambiaghi et al., 2011). It must be taken into account that recorded VEPs from 

anesthetized animals do not present the same characteristics as the VEPs observed in 

awake animals (Gerritsen, 1971; Sisson and Siegel, 1989; Tomiyama et al., 2016), and 

thus comparison between the results obtained from Cambiaghi and colleagues (2011) 

with the present results is limited.  

 

Since literature about tDCS effects on VEPs is lacking and shows quite inconsistent 

findings across studies, an interpretation of the underlying processes occurring after the 

application of tDCS is rather difficult. Results obtained from the previously mentioned 

tDCS studies show that VEPs can be used as physiological markers to reveal changes in 

cortical excitability of V1. However, the underlying mechanisms responsible for an 

increase of VEP amplitude have not been investigated in more detail. As mentioned 

previously in section 5.4.1, a positive deflection in the EEG can represent synaptic 

activity of inhibitory pyramidal afferents in superficial cortical layers. If this is the case, 

cathodal currents might act over these inhibitory afferents at pre- or postsynaptic sites 

and enhance their activity, i.e., decreasing the excitability of pyramidal cells which is 

expressed as an ultimate increase in amplitude of the P1 component. Thus, the present 

findings would be in line with the ‘classical’ excitability decrease induced by cathodal 

tDCS.  

 

Finally, to examine the contribution of V1 – which represents a sensory input necessary 

for the acquisition of many learning paradigms – during a light stimulation protocol of 

classical eyeblink conditioning, learning acquisition with concurrent V1 modulation 

induced by tDCS was characterized and compared with the results obtained from MC 

modulation. At the same time, the conditioning results provided more information 

regarding the question whether the present findings of VEP-amplitude modulation after 

applying tDCS are rather caused by an increase or decrease of cortical excitability (see 

next section).  
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5.4.3. Impairment of acquisition of classical eyeblink conditioning induced by 

cathodal V1-tDCS 

 

The results show that V1 modulation impaired the acquisition rate of trace eyeblink 

conditioning, confirming recent investigations based on visual cortex lesions in rats 

(Steinmetz et al., 2013). These findings are of great importance, highlighting that 

sensory cortex areas are part of the CS pathway and that changes in these areas can 

modify the acquisition of CRs. This is in accordance with the common belief that only 

after initial processing in V1 are other neural structures thought to contribute to the 

significance of the visual input (Shuler and Bear, 2006). Independently from the 

applied tDCS polarity, the extent to which tDCS-induced modulation of V1 excitability 

influenced associative learning expressed by the absolute change in CR percentage was 

lower (∆CR ≈ 30%) than that observed with concurrent MC-tDCS (∆CR ≈ 60%). 

Specifically, V1 modulation was characterized by an impairment of learning (↓ CRs) 

induced by cathodal tDCS, whereas MC-tDCS with anodal polarity enhanced the 

learning rate (↑CRs). Although different learning paradigms of classical eyeblink 

conditioning were applied between the experiments (trace vs. delay), the learning 

curves were similar to each other. However, flash stimulation conditioning resulted in 

larger between-animal variability across the entire learning curve compared to the tone 

conditioning. Asymptotic values in both cases were reached around day C5, but 

animals reached lower mean CR percentages with flash stimulation in the trace 

paradigm than with the tone used for the delay paradigm. A possible reason could be 

that the presentation of non-contiguous stimuli in the trace conditioning represents a 

more complex training procedure than the delay paradigm (Christian and Thompson 

2003). Indeed, previous studies reported that rabbits reached a level of 80% CRs after ≈ 

6 sessions with a delay paradigm (Lewis et al., 1987; Miller et al., 2008) and after ≈ 8 

sessions with a trace paradigm (Miller et al. 2008) in both using light stimulation as CS. 

Nonetheless, an accurate comparison between delay and trace results in the present 

work is rather difficult due to the lacking control group in the trace paradigm 

experiment. For the same reason, the interpretation of anodal tDCS-induced V1 

modulation during learning acquisition is limited, specifically regarding the impact of 

anodal tDCS during the 2
nd

 conditioning day (C2) when animals start to acquire the 

learning. In this situation, it is not possible to separate whether an increase in CR 

percentage was simply caused by the natural learning improvement or influenced by 
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anodal modulation of V1. However, this is different for the cathodal situation since 

animals are already well-trained on day C8 and a significant decrease in CR percentage 

can be interpreted as a result of tDCS modulation. A significant within-group change 

on day C8 compared to the other advanced-learning days (C3-C7, C9-C10) showed that 

modulation of V1 through concurrent cathodal tDCS reduced the number of CRs as 

well as the response variability in all three animals. A supplementary experiment 

performed with the same animals on additional conditioning days, i.e., when motor 

memory was strongly stabilized, reproduced the effect of cathodal V1 modulation 

represented by a significantly reduced number of CRs and additionally showed that 

eyelid responses recorded during the presentation of cathodal tDCS had a similar 

strength and latency as observed for CRs from the session without concurrent tDCS. On 

the other hand, this experiment served to check whether learning could be enhanced via 

anodal V1-tDCS in a strongly-trained state (≈ 80% of CRs) of the animal. Even if 

analysis revealed no change of CR percentage with anodal tDCS over V1, response 

magnitude was larger when compared to the cathodal and control tDCS sessions (the 

latter without statistical significance), whereas latency remained unchanged. This result 

is in line with the noted boosting effect of anodal tDCS on learning performance 

(Márquez-Ruiz et al., 2012). 

 

The impairment (reduced number of CRs) of learning by applying cathodal tDCS at 

first sight seemed to be inconsistent with the augmented amplitude of VEPs likewise 

elicited by cathodal stimulation. Nonetheless, similar to the findings from Márquez-

Ruiz and colleagues (2012), a reduction of learning performance points toward an 

interference with CS perception processes. This reduction was supported by an 

immediate as well as long-term decrease of LFP amplitude and area during and after 

cathodal S1-tDCS, whilst anodal tDCS exclusively elicited immediate effects 

(Márquez-Ruiz et al., 2012). Thus, a cathodally-induced increase of VEP amplitude 

might not represent a direct excitatory effect based on the present conditioning results. 

The conditioning findings instead support the previously stated hypothesis (section 

5.4.2) that cathodal currents boosted the activity of inhibitory inputs of pyramidal 

dendrites located in superficial cortical layers causing an excitability decrease of 

pyramidal cells in the primary visual areas. This suggested inhibition of pyramidal cells 

may have ultimately interfered with the perception of light stimuli resulting in an 

impairment of CR performance.  
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Complementary recordings of cortical activity within V1 could provide more 

information about the role of this brain structure and its excitability state during 

classical eyeblink conditioning, especially when light stimulation is used as CS. In this 

context, fMRI studies observed a significant learning-related activation within V1 with 

CS presentation in human fear conditioning (Knight et al., 2004) and during trace 

eyeblink conditioning in rabbits (Miller et al., 2008). Furthermore, a recent study 

examined associative plasticity in the sensory cortex for two neutral stimuli (tone and 

flash) using a sensory preconditioning task (Headley and Weinberger, 2015). This 

training consists of pairing the two stimuli to create an association between them, for 

example to later reinforce/associate one of the stimuli with food, causing a situation 

which induces the generation of CRs. If a prior association had occurred between the 

tone and flash, then the CR should also be evoked by the stimulus that was never paired 

with the food (Rizley and Rescorla, 1972). Headley and Weinberger (2015) found that 

the pairing of the two neutral stimuli evoked an enhancement in the responsiveness of 

V1 to auditory stimuli measured through extracellular potentials in the infragranular 

layer, concluding that this enhanced associative plasticity in V1 (not observed in 

auditory or S1 regions excluding the possibility of a generalized increase in cortical 

excitability) may constitute a memory trace between sensory cortices with V1 serving 

as an essential neural structure in associative learning. 

 

With regard to modulating V1 excitability by applying external currents, initial animal 

experiments showed a decreased cortical excitability in visual areas induced by 

cathodal currents delivered to the surface of V1, causing a reduction of the neuronal 

firing rate, whilst anodal current resulted in the reverse effect (Creutzfeldt et al., 1962; 

Ward and Weiskrantz, 1969). A few other studies examined learning processes under 

the influence of DCS applied on visual cortex areas. Morrell and Naitoh (1962) trained 

rabbits to perform a conditioned-avoidance response using light flashes as CS with 

concurrent bilateral presentation of polarizing currents to the visual cortex. The authors 

observed a noticeable performance decrement that resulted from cathodal polarization 

for the entire cathodal session which persisted to the following training session when 

no cathodal current was applied. No significant change resulted from the application of 

anodal polarization. In accordance, Kupfermann (1965) reported a reduced learning rate 

induced by cathodal stimulation of the visual cortex in rats using a visual pattern or 

brightness discrimination task, whilst anodal DC stimulation was not effective. 
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Regarding other visual areas, Schweid and colleagues (2008) evaluated learning in a 

paradigm intended to assess the ability to detect, localize and orient motionless targets 

emerging at different spatial eccentricities within the visual field by applying unilateral 

cathodal tDCS on extrastriate visual areas of cats. The authors showed a significant 

reduction of the ability to detect and localize visual targets displayed in the 

contralateral visual hemifield (half of the field of vision) with respect to the stimulated 

side when the visual areas were exposed to cathodal currents. 

 

Together, these previous results as well as the reported decrease of CRs in the present 

work support the potential of cathodal currents to impair learning performance when 

applied on cortical visual areas. Moreover, recent findings reported by Aguila and 

colleagues (2016) show certain parallels using a different non-invasive brain 

stimulation technique named transcranial static magnetic stimulation (SMS). Similar to 

cathodal tDCS, this neuromodulatory method, proved to be effective to decrease the 

excitability of cortical neurons (Oliviero et al., 2011). Aguila and colleagues (2016) 

applied SMS to V1 of behaving monkeys during a visual detection task and 

additionally over V1 of anesthetized cats while recording neural responses. As a result, 

both detection of visual stimuli in monkeys and neuronal activity in cats were 

significantly reduced by SMS.  

 

In conclusion, each of these studies reinforces the evidence of a critical role of V1 

during learning, with the hypothesis that the cathodally-induced impairment of CR 

performance during acquisition of classical eyeblink conditioning is a consequence of 

an excitability decrease of pyramidal cells generated by the augmented activity of 

inhibitory synapses located at pyramidal dendrites in superficial layers. It appears that, 

at least based on the mentioned results, the cathodal effect on V1 excitability 

(perturbing the CS perception) is stronger than the effect of anodal stimulation 

(improving the CS perception). This might be related to the observation that in the 

central nervous system, the underlying processes of neocortical LTP and LTD effects 

are dissimilar, i.e., the sensitivity to neuromodulation seems to be asymmetrical (Froc 

et al., 2000).  
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5.4.4. Modulation of the human visual cortex and its impact on learning 

 

In the last few years, human tDCS studies brought up new findings about the 

involvement of visual areas in the acquisition of specific learning tasks. For instance, 

anodal tDCS applied either over MC or an extrastriate visual area (V5) during a visuo-

motor coordination task improved early performance of correctly tracked movements 

(Antal et al., 2004b), whereas performance was enhanced for both tDCS polarities 

when stimulation was applied prior to training (Antal et al., 2008c). On the other hand, 

Peters and colleagues (2013) reported an overnight impairment of consolidation of a 

visual contrast detection task induced by anodal V1-tDCS, whilst with cathodal and 

sham tDCS subjects regularly improved their task performance from Day 1 to Day 2. 

No significant main effect of stimulation type was found for Day 1. In contrast, 

Sczesny-Kaiser and colleagues (2016) trained subjects to perform a visual orientation-

discrimination task while receiving tDCS during learning. The analysis revealed 

significant improvement of discrimination learning and increased cortical excitability 

with anodal V1-tDCS compared to sham condition. However, when cathodal tDCS was 

applied over V1 neither learning nor V1 excitability were modulated. Since the net 

effect of tDCS depends on multiple parameters (stimulated brain area, applied current 

intensity, polarity, brain state, etc.), a comparison of the observed effects across studies 

can be complicated. Task-specificity is another parameter influencing the ultimate 

tDCS outcome on learning (Leite et al., 2011; Saucedo Marquez et al., 2013; Bortoletto 

et al., 2015; Ehlis et al., 2016; Karok et al., 2017) which might be one more reason why 

findings across studies where tDCS was applied over visual areas are inconsistent.  

 

In conclusion, several studies have shown that the role of visual cortex areas during 

learning can be investigated via the application of direct current stimulation. In 

particular, animal studies have shown that visual areas seem to be more susceptible to 

cathodal currents resulting in impairment of learning, probably due to a disturbed 

sensory perception. The findings across human studies remain by some means 

inconsistent.  
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5.5. Considerations of studying the role of the cerebral cortex during 

learning through the application of tDCS and new perspectives 

 

The modulatory effect and simplicity of tDCS have caught the attention of both basic 

and clinical neuroresearchers for studying its potential of learning modulation with a 

major focus on motor learning (Lang et al., 2003; Orban de Xivry and Shadmehr, 2014; 

Ammann et al., 2016). The findings presented in this Doctoral Thesis acquired from 

different brain areas (MC and V1) support the neuromodulatory effect of tDCS and its 

impact on learning, specifically on associative learning. However, the studies stated 

throughout the Discussion section, including the present findings, highlight the need for 

more unified and comparable stimulation paradigms, aiming to optimize the desired 

stimulation effects. In this context, the low focality inherent to this technique, currently 

under debate by numerous researchers, is constantly bringing up new approaches 

aiming to improve experimental outcomes by establishing greater specificity of the 

applied electrical currents (Edwards et al., 2013; Ruffini et al., 2014; Guler et al., 2016). 

 

On the other hand, the existence of hundreds of tDCS-protocol variations causes the 

complication of formulating universal conclusions regarding the tDCS effects on 

learning. When considering that different brain regions are likely involved in distinct 

motor learning processes (Shmuelof and Krakauer, 2011; Penhune and Steele, 2012), 

the simultaneous (or sequential) electrical stimulation of these areas using the proper 

polarity and intensity could be one possible solution for the mentioned problem and 

potentially optimize tDCS effects. However, the characterization of the effects 

associated to concomitant stimulation of different brain regions is nearly absent in the 

literature (Kaminski et al., 2013; Minichino et al., 2015). Indeed, there has been some 

progression in recent years. Thus, multifocal tDCS devices using several small-size 

electrodes (Ruffini et al., 2014), High-Definition tDCS (HD-tDCS) scalp montage (4 × 

cathode, surrounding a single central anode; Edwards et al., 2013), or concentric 

electrodes (Bortoletto et al., 2016) are being tested currently, with the aim to generate 

more personalized, reproducible and predictable results in human studies.   

 

In summary, more investigations are needed to provide a better understanding of the 

effects induced by tDCS. However, its potential to study the cerebral cortex among 

other brain structures during learning and its use for exploring neural substrates 
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underlying learning have been demonstrated successfully. The capability of modulating 

motor learning through the application of transcranial electrical currents represents an 

attractive opportunity for current and future investigations, especially for clinical 

research focused on implementing new therapies and treatments for motor learning 

disabilities.  

 

 

5.6 Potential interferences of thermal effects induced by tDCS over the 

cerebral cortex and safety limits implications 

 

The last series of experiments of the present Doctoral Thesis were performed to discard 

the possibility that the observed tDCS effects on cortical excitability and associative 

learning were affected by simple tissue heating under the stimulation electrodes. Thus, 

for an accurate interpretation of study results on cortical excitability and learning, 

thermal effects generated by tDCS should be absent or at least controlled. The results 

show that even long stimulation periods (up to 2 hours) and high density currents (up to 

two orders of magnitude higher than usually applied in humans) did not produce 

significant variations of the epidural temperature in the awake rabbit. In all likelihood, 

minor and slow appearing temperature variations were probably due to natural 

physiological fluctuations (Kawamura et al., 1966), rather than to the prolonged tDCS 

presentation. This is the first direct physiological evidence of the absence of thermal 

variations in the brain tissue during and after the application of anodal or cathodal 

tDCS, therefore no tissue heating with subsequent neural damage is caused (Agnew and 

McCreery, 1987; Kiyatkin, 2007).  

 

One related study has been performed by Liebetanz and colleagues (2009) in behaving 

rats. Animals received cathodal tDCS transcranially applied to the frontal cortex with 

current densities up to 28.6 mA/cm
2
 (more than two orders of magnitude higher than 

usually applied in humans) and stimulation durations up to 270 min. The authors 

demonstrated that first brain lesions took place at a current density of 14.3 mA/cm
2
 for 

durations greater than 10 min, thus establishing as a safety threshold for tDCS. Their 

final conclusion is that brain lesions were caused by increased tissue temperature due to 

Joule heating, a type of heat which is generated in any electrical field with circulating 

electrical currents (Steffens, 1979), suggesting that brain temperature raised above 
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43°C inducing a thermal protein denaturation (Liebetanz et al., 2009). Specifically, a 

mathematical model regarding the results from Liebetanz and colleagues (2009) 

calculated a brain temperature increase up to 47.75°C when 10 min of 14.3 mA/cm
2
 of 

cathodal tDCS was applied (Bikson et al., 2009). The obtained results in rabbits 

(present results) and rats should not be translated directly for human safety standards, 

but promote the development of enhanced tDCS protocols. However, as already 

mentioned by Liebetanz and colleagues (2009), the epicranial montage applied in 

animals offers an extra margin of safety, since the skull bone of the rabbit (≈ 2 mm), as 

well as from the rat (≈ 1.5 mm) is much thinner than the human skull (6-7 mm). In 

addition, the brain tissue in the rabbit and rat tDCS model is more exposed to the 

electric currents, given that the skin layer from human tDCS is absent. Together, the 

findings obtained from the animal studies provide essential information about tDCS 

safety. Nonetheless, in the present study, the key finding is that none of the reported 

effects on learning or brain excitability have been affected by tDCS-induced thermal 

variations. As addressed previously, this conclusion can be made for the results 

obtained from Experiment 2 (disc electrode for tDCS). Regarding Experiment 3 (4 

silver-ball electrodes), possible thermal variations induced by tDCS cannot completely 

be discarded because applied current densities were higher (up to 7.82 mA/cm
2
 per ball 

when 2 mA tDCS was used). 

 

Since a direct measurement of brain temperature in humans is not realizable (Kiyatkin, 

2007), recent studies addressing possible thermal effects of tDCS based their 

conclusions on mathematical models. Datta and colleagues (2009) reported no increase 

of scalp or brain temperature for the conventional 7 × 5 cm
2 

rectangular-pad tDCS 

montage (1 mA) generally used in humans, based on a MRI-derived finite element 

human head model. The authors also applied their model to a 4 × 1 ring electrode 

configuration (< 11 mm electrode diameter) at two different intensities (2 mA and 13.6 

mA), only for the higher intensity a scalp temperature rise of 14.7 °C and a brain 

temperature increase of 0.55°C were expected. Another interesting study examined the 

effect of temperature to the scalp and brain during tDCS from a different perspective. 

Gholami-Boroujeny and colleagues (2015) performed computer simulations based on a 

mathematical model to test how temperature variations can enhance/reduce current 

delivery to the human brain and influence the efficacy of tDCS. The authors found that 

by increasing the scalp temperature, less current is delivered to the brain, whereas 
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cooling the scalp during tDCS enhanced the current delivery and could possibly 

increase the efficiency of tDCS.  

 

Only isolated studies performed in healthy individuals reported skin irritations or 

inclusive lesions on the scalp after applying tDCS (Dundas et al., 2007; Poreisz et al., 

2007; Bikson et al., 2008; Lagopoulos and Degabriele, 2008; Palm et al., 2008; Minhas 

et al., 2010; Paneri et al., 2016). However, it must be taken into consideration that an 

increase of skin temperature is not automatically associated to a rising brain tissue 

temperature (Bikson et al., 2009). Nevertheless, a recent study performed in healthy 

subjects reported a gradual non-hazardous increase of skin temperature of ≈ 1°C (which 

is within normal temperature variation) during 20 min of 2 mA tDCS using 

conventional sponge electrodes with 35 cm
2
 skin contact area. This increase was 

polarity-independent and caused by induced blood flow heat rather than joule heating, 

as the authors concluded (Khadka et al., 2017).   

 

With regard to other brain stimulation techniques, it has been estimated for single-pulse 

TMS that an insignificant increase in brain temperature of less than 0.1 °C would be 

induced (Ruohonen and Ilmoniemi, 2002). Similar results have been observed for 

transcranial infrared laser therapy (TLT), a method which has been shown to enhance 

neurological conditions in animal stroke models (Lapchak et al., 2004; Oron et al., 

2006; Lapchak et al., 2007). The authors found that TLT applied to the rabbit cortex 

does not produce tissue heating when power density normally applied in animal studies 

is used, whereas over a certain power density brain temperature increased gradually by 

0.5 °C (Chen et al., 2013). On the other side, chronic deep brain stimulation (DBS), a 

more invasive technique, induces an estimated increase of the surrounding brain 

temperature up to 1 °C as predicted by a bio-heat transfer model for DBS (Elwassif et 

al., 2006). 

  

In summary, further investigations are needed regarding the impact of non-invasive 

brain stimulation techniques on brain tissue temperature, especially for different tDCS 

configurations in animal and human studies. The importance of understanding the 

relationship between brain temperature and brain stimulation arises not only from the 

urgency to avoid brain tissue damage specially for prolonged and repeated stimulation 

protocols, but also from the fact that prior research has shown that changes in brain 
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temperature modify synaptic transmission processes (Pierau et al., 1976; Moser et al., 

1993; Masino and Dunwiddie, 1999; Fujii et al., 2002). 
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The present Doctoral Thesis primarily focused on studying the role of the primary 

motor cortex – specifically the area corresponding to the orbicularis oculi muscle – in 

the acquisition and generation of classical conditioned eyeblink responses. 

Additionally, the primary visual cortex activity was examined and modulated during 

the learning process. To accomplish this, electrophysiological, neuromodulatory, and 

immunohistological techniques have been used in behaving rabbits. The main 

conclusions of this study are the following: 

 

1. Motor cortex neurons located in the area corresponding to the orbicularis oculi 

muscle are clearly involved in the generation of conditioned eyelid responses in a 

delay paradigm as demonstrated by the increased firing activity well in advance of 

the conditioned response. 

 

2. The identified monosynaptic projections from the primary motor cortex to the 

orbicularis oculi motoneurons in the facial nucleus together with the disynaptic 

projections from the motor cortex to the facial nucleus via the red nucleus seem to 

be the underlying neural pathways corresponding to the identified learning-related 

neurons in the motor cortex.    

 

3. The modulation of motor cortex excitability induced by tDCS and the subsequent 

impact on learning confirmed the participation of the motor cortex in the acquisition 

process of classical eyeblink conditioning.  

 

4. The modulation of visual cortex’s excitability induced by tDCS and the related 

impact on learning performance confirm that the visual cortex forms part of the 

neural pathway which is activated through perception of the conditioned stimulus in 

a trace conditioning.  

 
5. The cerebral cortex of the rabbit has been demonstrated to be a brain structure 

crucial for the correct acquisition and performance of classical eyeblink 

conditioning paradigms, supporting the hypothesis of a distributed neuronal 

network operating during this associative learning process rather than an exclusive 

participation of the cerebellum and hippocampus. 
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6. The results confirm that non-invasive transcranial current stimulation can be used 

for modulating neuronal excitability of different brain structures, as well as for 

studying their role during the acquisition of learning.  

 

7. Significant thermal effects induced by the transcranial stimulation have not been 

detected. In all likelihood, brain temperature variations negligibly affected the 

observed learning results.  
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Behavioral/Cognitive

The Motor Cortex Is Involved in the Generation of Classically
Conditioned Eyelid Responses in Behaving Rabbits

Claudia Ammann, X Javier Márquez-Ruiz, María Á. Gómez-Climent, X José M. Delgado-García, and X Agnès Gruart
Division of Neurosciences, Pablo de Olavide University, Seville 41013, Spain

Classical blink conditioning is a well known model for studying neural generation of acquired motor responses. The acquisition of this type of
associative learning has been related to many cortical, subcortical, and cerebellar structures. However, until now, no one has studied the motor
cortex (MC) and its possible role in classical eyeblink conditioning. We recorded in rabbits the activity of MC neurons during blink conditioning
using a delay paradigm. Neurons were identified by their antidromic activation from facial nucleus (FN) or red nucleus (RN). For conditioning,
we used a tone as a conditioned stimulus (CS) followed by an air puff as an unconditioned stimulus (US) that coterminated with it. Conditioned
responses (CRs) were determined from the electromyographic activity of the orbicularis oculi muscle and/or from eyelid position recorded with
the search coil technique. Type A neurons increased their discharge rates across conditioning sessions and reached peak firing during the CS–US
interval, while type B cells presented a second peak during US presentation. Both of them project to the FN. Type C cells increased their firing
acrosstheCS–USinterval,reachingpeakvaluesatthetimeofUSpresentation,andwereactivatedfromtheRN.Thesethreetypesofneuronsfired
well in advance of the beginning of CRs and changed with them. Reversible inactivation of the MC during conditioning evoked a decrease in
learning curves and in the amplitude of CRs, while train stimulation of the MC simulated the profile and kinematics of conditioned blinks. In
conclusion, MC neurons are involved in the acquisition and expression of CRs.

Key words: associative learning; delay conditioning; motor cortex; rabbits; unitary recordings

Introduction
The classical conditioning of the nictitating membrane/eyelid re-
sponses is a well known experimental procedure for the study of
brain sites involved in the acquisition and storage of new motor
abilities, as well as of the neural mechanisms underlying these

processes. Although cerebellar cortical and/or nuclear centers
have traditionally been assumed to be related to the acquisition
and/or performance of conditioned blinks (Welsh and Harvey,
1991; Krupa et al., 1993; Gruart et al., 2000b; Christian and
Thompson, 2003; Koekkoek et al., 2003; Perciavalle et al., 2013),
many other cerebral cortical and subcortical structures have been
reported as involved as well in different aspects of acquisition,
storage, retrieval, and extinction processes. Thus, the hippocam-
pal circuit (Weiss et al., 1999; Múnera et al., 2001; Gruart et al.,
2006), the medial prefrontal (Weible et al., 2003; Siegel and
Mauk, 2013; Caro-Martín et al., 2015) and the somatosensory
(Leal-Campanario et al., 2006; Ward et al., 2012) cortices, as well
as subcortical structures, such as the striatum (Blazquez et al.,
2002), the amygdalar complex (Boele et al., 2010; Sakamoto and
Endo, 2010), some thalamic nuclei (Sears et al., 1996; Bahro et al.,
1999; Campolattaro et al., 2007), and the red nucleus (RN; Haley
et al., 1988; Sakamoto and Endo, 2010; Pacheco-Calderón et al.,
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Significance Statement

Classical blink conditioning is a popular experimental model for studying neural mechanisms underlying the acquisition of motor
skills. The acquisition of this type of associative learning has been related to many cortical, subcortical, and cerebellar structures.
However, until now, no one has studied the motor cortex (MC) and its possible role in classical eyeblink conditioning. Here, we
report that the firing activities of MC neurons, recorded in behaving rabbits, are related to and preceded the initiation of condi-
tioned blinks. MC neurons were identified as projecting to the red or facial nuclei and encoded the kinematics of conditioned eyelid
responses. The timed stimulation of recording sites simulated the profile of conditioned blinks. MC neurons play a role in the
acquisition and expression of these acquired motor responses.
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2012), have been shown to participate in the generation of con-
ditioned blinks. Recent proposals suggest the joint involvement
of cerebellar (cortex, nuclei), cortical (hippocampal, prefrontal),
and subcortical (amygdala, striatum) structures in the different
aspects (cognitive, motor, associative strength, etc.) of classical
blink conditioning (Siegel et al., 2015; Yang et al., 2015).

It is surprising that the above list of neural sites related to
classical blink conditioning does not include the motor cortex
(MC). In fact, few past (Aou et al., 1992; Birt et al., 2003) or recent
(Hasan et al., 2013) studies have addressed the involvement of
this key cortical structure in the acquisition of this particular type
of associative learning. However, the MC has a well defined and
repeated representation of facial muscles (Huang et al., 1988;
Morecraft et al., 2001; Müri, 2016), and traditionally has been
assumed to be one of the main neural sites involved in the acqui-
sition and proper performance of new motor abilities (Evarts et
al., 1983; Doyon and Benali, 2005; Monfils et al., 2005; Brecht et
al., 2013; Gloor et al., 2015; Hayashi-Takagi et al., 2015; Kaufman
et al., 2015). In fact, MC dynamic activities have been described as
interacting with cerebellar and striatal contributions to different
types of motor sequence learning (Houk et al., 1996; Hikosaka et
al., 2002; Penhune and Steele, 2012; Santos et al., 2015).

In accordance with the above contentions, we assumed that
the facial area of the MC should play a role in this type of asso-
ciative learning. Using a delay paradigm to check this hypothesis,
rabbits were prepared for the chronic recording of the electro-
myographic (EMG) activity of the left orbicularis oculi muscle
(or the position of the ipsilateral upper eyelid) and of the unitary
activity of antidromically identified contralateral MC pyramidal
neurons during the classical conditioning of eyelid responses
(Gruart et al., 2000a; Pacheco-Calderón et al., 2012). Collected
results, including the firing properties of recorded MC neurons,
the transient inactivation of the recorded MC area, the compar-
ison between neuronal oscillatory properties and eyelid acceler-
ation profiles, and the simulation of conditioned response (CR)
kinematics by train stimulation, lead to the conclusion that the
eyelid area of the MC is directly involved in the generation of
classically conditioned eyelid responses.

Materials and Methods
Animals. Experimental procedures were performed in adult male rabbits
(New Zealand white albino) weighing 2.4 –2.9 kg on arrival at the Animal
House facilities of Pablo de Olavide University. Animals were obtained
from an authorized supplier (Isoquimen). Rabbits were housed in indi-
vidual cages for the whole experiment and kept on a 12/12 h light/dark
cycle with constant ambient temperature (21 � 1°C) and humidity (55 �
7%). Food and water were available ad libitum. All experiments were
performed in accordance with Spanish (BOE 34/11370-421, 2013) and
European Union (2010/63/EU) guidelines for the use of laboratory ani-
mals in chronic experiments. In addition, these experiments were sub-
mitted to and approved by the local ethics committee of Pablo de Olavide
University.

Surgery. Animals were anesthetized with an intramuscular injection
of a ketamine–xylazine mixture (Ketaminol, 100 mg/ml; Rompun, 20
mg/ml; and atropine sulfate, 0.5 mg/kg) at an initial dosage of 0.85
ml/kg. Anesthesia was maintained by intravenous perfusion at a flow
rate of 10 ml/kg/h.

As illustrated in Figure 1, animals (n � 15) were prepared for the
chronic recording of unitary activity in the MC during classical blink
conditioning. A window (4 � 6 mm) was drilled through the parietal
bone centered on the right MC (anteroposterior, 2 mm; lateral, 2 mm;
Girgis and Shih-Chang, 1981) corresponding to the eyelid motor area
(Pacheco-Calderón et al., 2012). A recording chamber was built with
acrylic cement around the window. A sterile stainless steel needle (21
gauge) with a curved tip was fixed with dental cement to one corner of the

recording chamber to serve as a stereotaxic reference. The dura mater was
removed and the cortical surface was protected with sterile gauze and an
inert plastic cover between recording sessions. A silver electrode (1 mm
in diameter) in contact with the dura mater was attached to the left
parietal bone as a ground for unitary recordings. These animals were also
implanted with stimulating electrodes aimed at the ipsilateral RN (an-
teroposterior, 8.5 mm, lateral, 1.5 mm; depth, 13 mm from the cortex
surface) and the contralateral facial nuclei (FN; anteroposterior, �18
mm; lateral, 3.5 mm; depth, 15–17 mm from the cerebellum surface).
When necessary, the targeted areas were approached from anteroposte-
rior or lateral angles. Stimulating electrodes were made with 200 �m
varnished silver wire (California Fine Wire). The final position of these
stimulating electrodes was determined by eyelid-closing movements
evoked by a pair of pulses (1 ms interpulse interval) applied to the cor-
responding electrode. Finally, animals were implanted with bipolar hook
electrodes in the left orbicularis oculi muscle to record their EMG activ-
ities. These electrodes were made from multistranded Teflon-coated
stainless steel wire (A-M Systems) with a total external diameter of 230
�m and bared �1 mm at the tip. A head-holding system, consisting of
three bolts cemented to the skull perpendicular to the stereotaxic plane,
was also implanted. All stimulating and recording electrodes were con-
nected to two sockets attached to the holding system.

A second group of animals (n � 6) was implanted (under the same
anesthetic and sterile conditions) with guide cannulas in the MC (antero-
posterior, 2 mm; lateral, 2 mm; depth, 0.5 mm from cortex surface).
Guide cannulas were made from 21 gauge stainless steel needles. Each
of these was protected by a removable 25 gauge stainless steel rod
during noninjecting periods (Pacheco-Calderón et al., 2012). These
animals were also implanted with the above-described EMG record-
ing electrodes.

A third group of animals (n � 3) was implanted with stimulating
electrodes in the MC (anteroposterior, 2 mm; lateral, 2 mm; depth, 1 mm
from cortex surface). Stimulating electrodes were made with 200 �m
varnished silver wire (California Fine Wire). Animals were also im-
planted with the above-described EMG recording electrodes and with a
five-turn coil (2.5–3 mm diameter) into the center of the left upper eyelid
close to the lid margin. Coils were made of Teflon-coated stainless steel
wire (A-M Systems) with an external diameter of 50 �m and a weight of
10 –15 mg (Gruart et al., 2000a).

A fourth group of animals (n � 3) was injected with the anterograde
biotinylated dextran amine (BDA) tracer to label MC axonal projections
terminating in the FN (Fig. 2). For this, and under the above anesthetic
conditions, a hole (2 mm diameter) was drilled in the skull according to
the MC coordinates (anteroposterior, 2 mm; lateral, 2 mm). The BDA
tracer was injected with a 10 �l microsyringe (Hamilton). The tracer was
injected at different depths (1–3 mm) from the cortex surface to a final
amount of 3 �l, at a rate of 0.3 �l/min.

Recording and stimulating procedures. Recording sessions began 2
weeks after surgery. Each rabbit was placed in a Perspex restrainer spe-
cially designed for limiting the animal’s movements (Gruart et al., 2000a;
Leal-Campanario et al., 2007). The box was placed on the recording table
and was surrounded by a black cloth. The recording room was kept softly
illuminated, and a 60 dB background white noise was switched on during
the experiments. For all the subjects, the first two recording sessions
consisted of adapting the rabbit to the restrainer and to the experimental
conditions; no stimulus was presented during these two sessions.

The EMG activity of the orbicularis oculi muscle was recorded using
Grass P511 differential amplifiers with a bandwidth of 0.1 Hz to 10 kHz
(Grass-Telefactor). Neuronal unitary activity was recorded in the con-
tralateral MC with the help of a NEX-1 preamplifier (Biomedical Engi-
neering) and from there to a differential amplifier (AM 502, Tektronix).
Unitary recordings were performed with glass micropipettes filled with 2
M NaCl (3– 6 M� resistance) and filtered in a bandwidth of 1 Hz to 10
kHz. When necessary, field potentials were recorded with low-resistance
electrodes (1–3 M�). The recording area was approached with the help
of stereotaxic coordinates (Girgis and Shih-Chang, 1981), and anti-
dromic or orthodromic (i.e., synaptic) field potentials were evoked by
electrical stimulation of the FN or the RN. Criteria to determine whether
the recorded and the activated neurons were the same, and to discrimi-
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nate somatic versus axonic recordings, were systematically followed (Fig.
1D–F; Delgado-García et al., 1988; Gruart and Delgado-García, 1994). At
the end of each recording session, the recording micropipette was re-
moved and the recording chamber sterilized and closed with sterile
gauze, bone wax, and an inert plastic cover.

In the third group of animals, eyelid movements were recorded with
the magnetic search coil technique (C-N-C Engineering). Upper eyelid
maximum angular displacements ranged from 30 to 40° for the three
animals. For the sake of homogeneity, the gain of the recording system
was adjusted to yield 1 V per 10°.

Electrical stimulation of the MCs, RN, and FN consisted of single or
paired (cathodal, square, 50 �s, �500 �A pulses, 1–2 ms interval) pulses
programmed with a CS-220 stimulator across an ISU-220 isolation unit
(Cibertec). The MCs were also stimulated with 10 Hz (�1 s) trains.

Drug microinjection. Following a previous description (Pacheco-
Calderón et al., 2012), a 5% solution of lidocaine (Sigma-Aldrich) was
injected in the selected animals with the help of a calibrated injection tube
(30 gauge). The injection tube was coupled to a 10 �l Hamilton syringe
and was advanced through the guide tube. Control animals were injected

with the vehicle (9% saline). Drug solutions were injected from 5 min
before until the end of the conditioning session at a rate of 0.1 �l/min
with the help of a microinfusion pump (310, KD Scientific).

Classical conditioning. As described in detail previously (Leal-Campanario
et al., 2007), classical conditioning of eyelid responses was achieved using a
delay conditioning paradigm. A tone (600 Hz, 85 dB, 350 ms) was presented
as conditioned stimulus (CS) and an air puff (3 kg/cm2, 100 ms) directed at
the cornea was used as the unconditioned stimulus (US). The tone cotermi-
nated with the air puff. A function generator (AFG 3022B, Tektronix), trig-
gered by a digital output (1401-plus, Cambridge Electric Design), was used
to produce the pulse with the specific tone characteristics (600 Hz, sine wave,
1 V). An amplifier (PA Amplifier FS-2035, Fonestar Systems) converted the
pulse to a tone (85 dB) by means of a loudspeaker located 80 cm in front of
the animal’s head. Air puffs were delivered from an air compressor (Biomed-
ical Engineering) and applied through the opening of a plastic pipette (3 mm
diameter) attached to a holder fixed to the recording table. Conditioning
sessions consisted of 66 trials (6 series of 11 trials each). Successive trials were
separated at random by intervals of 50–70 s. Of the 66 trials, six were test
trials in which the CS was presented alone. Conditioning sessions lasted for

Figure 1. Experimental design and identification of recorded MC neurons. A, Diagram representing the experimental design. Rabbits were chronically implanted with EMG recording electrodes
in the left orbicularis oculi muscle (O.O. EMG). In some animals, eyelid movements were recorded with the magnetic search coil technique. MC neurons contralateral (cMC) to the left eye were
recorded (Rec.) with glass micropipettes inserted into the MC area. For proper identification, MC neurons were activated antidromically from the RN or the FN. B, Photomicrographs of MC coronal
sections illustrating cannula implantation (top picture and arrow) and electrolytic marks (3 bottom pictures and arrows) made with stimulating metal microelectrodes implanted in selected
recording sites. Calibration bars, 1 mm. C, Diagrams illustrating the recording sites following the atlas of Girgis and Shih-Chang (1981). D, Representative examples of the antidromic activation and
collision tests of MC neurons from the FN (1) or the RN (2) at threshold-straddling intensities. Arrows indicate stimulus artifacts. E, From top to bottom are illustrated the EMG activity evoked in the
O.O. muscle by double (2 ms interval) pulses applied to the cMC (1) and single pulses presented to the contralateral RN (cRN; 2) and the ipsilateral FN (iFN; 3). F, Spike-triggered extracellular activity
recorded in the O.O. muscle (2). The triggering action potential corresponded to an identified cMC neuron (1). Average was repeated 1500 times.
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	80 min. Animals in the first group were conditioned for 20 sessions, while
animals in Groups 2 and 3 where conditioned for 10 sessions. Animals had to
generate �80% of CRs for two successive conditioning sessions.

Histology. For a proper identification of the recording sites, at the end
of the recording sessions we performed small electrolytic lesions in se-
lected places. Lesions were performed with the help of tungsten elec-
trodes (1 M� resistance) using a direct current at 0.5–1 mA for 10 –20 s.
After all experimental sessions, animals were deeply anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) and perfused through the left ven-
tricle with 9% saline followed by 4% paraformaldehyde in PBS (0.2 M),
pH 7.4. The proper location of EMG recording and eyelid coil electrodes
was then checked. Subsequently, brains were removed and preserved
24 h in 4% paraformaldehyde solution. Those brains aimed for immu-
nohistochemistry were preserved only 2 h in the paraformaldehyde so-
lution. Before tissue processing, brains were cryoprotected with 30%
sucrose in 0.2 M PBS. Before the fixed tissue was cut, the brains had to
descend completely to the bottom of the sucrose container. Brains des-
tined for microscopic observation were cut into coronal sections (50 �m)
with the aid of a sliding freezing microtome (SM2000R, Leica Biosys-
tems). Collected slices were stored in 0.2 M PBS in successive series until
used. Selected sections, including recording, stimulated, and cannula-
implanted sites, were mounted on gelatinized glass slides and stained
using the Nissl technique with 0.1% toluidine blue for proper identifica-
tion of the recording and implanted sites (Fig. 1 B, C).

Immunohistochemistry. Brains for fluorescence immunohistochemis-
try were cryoprotected after perfusion with 30% sucrose in PBS. After
descending to the bottom of the sucrose container, brains were cut in
coronal sections (50 �m) with the help of a freezing microtome
(SM2000R, Leica) and stored at �20°C in a solution of glycerol (30%)
and ethylene glycol (30%) in PBS until used. Tissue was processed “free-

floating” for immunohistochemistry. Col-
lected sections passed through all procedures
simultaneously to minimize differences in im-
munohistochemical staining. To better analyze
MC projections to the FN, a double-labeling
was performed using primary antibody against
the enzyme choline acetyltransferase (ChAT;
Millipore Iberica), which synthesizes acetyl-
choline and avidin against BDA (molecular
weight, 10,000; Invitrogen), injected as de-
scribed above.

In short, sections were incubated for 1 h with
10% normal donkey serum (NDS; Bio-Rad) in
PBS with 0.2% Triton X-100 (Sigma-Aldrich)
and then incubated overnight at room tempera-
ture with goat polyclonal IgG anti-ChAT (1:100)
with PBS containing 0.2% Triton X-100 and 3%
NDS. The second day, sections were washed and
incubated for 1 h with anti-goat IgG secondary
antibody generated in donkey and conjugated
with Alexa 555 (1:200; Millipore Iberica) in PBS
containing 0.2% Triton X-100 and 3% NDS,
and subsequently incubated with avidin con-
jugated with Alexa 488 (1:200; Millipore
Iberica). Finally, sections were mounted on
slides and coverslipped using Prolong Gold an-
tifade reagent fluorescent mounting medium
(Millipore Iberica). Selected sections were ob-
served under a confocal microscope (TCS SPE,
Leica). Z-series of optical sections (1 �m apart)
were obtained using the sequential scanning
mode. These stacks were processed with Im-
ageJ software (http://rsb.info.nih.gov/ij/).

Data collection and analysis. Unitary activity
and unrectified EMG activity of the orbicularis
oculi muscle, and 1 V rectangular pulses corre-
sponding to CS, US, air-puff, and electrical
stimulations presented during the different ex-
periments were stored digitally in a computer
through an analog– digital converter (1401-

plus, Cambridge Electric Design) for quantitative off-line analysis. Col-
lected data were sampled at 25 kHz for unitary recordings or at 10 kHz for
EMG and eyelid-position recordings, with an amplitude resolution of 12
bits. A computer program (Spike2, Cambridge Electric Design) was used
to display single, overlapping, averaged, and raster representations of
unitary activity; EMG activity of the orbicularis oculi muscle; and eyelid
position, velocity, and acceleration.

As explained in detail previously (Domingo et al., 1997; Gruart et al.,
2000a), velocity and acceleration traces were computed digitally as the
first and second derivative of eyelid-position records, following low-pass
filtering of the data (23 dB cutoff at 50 Hz and a zero gain at �100 Hz).
The power of the spectral density function (i.e., the power spectrum) of
selected data was calculated using a fast Fourier transform to determine
the relative strength of the different frequencies present in eyelid move-
ments. The power spectra of eyelid movements were calculated from the
corresponding acceleration (Domingo et al., 1997; Gruart et al., 2000a).
The spectral power of overlapped firing rate profiles collected from the
three (A–C) types of neurons was calculated by fitting a waveform
with the help of the equation f (t) � a0 cos(wt), where a0 is the mean value
of the three dominant peaks in the averaged firing rates. Each waveform
was calculated for the angular frequency w � 2�/T, where T is the average
of the latency between the firing rate peaks with respect to the CS pre-
sentation. The value of T was determined following the analysis of re-
corded firing rate profiles (Caro-Martín et al., 2015).

In most cases, it was easy to identify the recorded MC neuron by
isolating it from other neurons during experimental recording sessions.
In cases where it was not possible to isolate and record a single cell, a spike
sorting (Spike2, Cambridge Electric Design) was performed to classify
the different recorded neurons. The spike-sorting analysis was per-

Figure 2. Confocal photomicrographs of BDA-labeled and ChAT-expressing cells. A, Diagram of BDA tracer injection in the MC.
B, BDA-labeled cells located in the MC near the injection site (arrow). Scale bar, 30 �m. The photomicrograph is a 2D projection of
24 consecutive focal planes located 1 �m apart. C, FN Mns expressing ChAT. Scale bar, 100 �m. D–F, ChAT-expressing FN Mns
(magenta) and fibers labeled with BDA (green). Arrows indicate axons anterogradely labeled with BDA. Scale bar: (in F ) D–F, 50
�m. Insets in D–F are enlarged (30%) views of labeled FN Mns and MC projecting axons. Photomicrographs are 2D projections of
29 consecutive focal planes located 1 �m apart. G–I, Same ChAT-expressing cells indicated in D–F with arrowheads. Note the
axons anterogradely labeled with BDA near or closely apposed to ChAT-expressing FN Mns. Scale bar: (in I ) G–I, 25 �m. Photo-
micrographs are 2D projections of 22 consecutive focal planes located 0.5 �m apart.
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formed off-line by creating a new wave-mark based on the raw neuronal
recording. Amplitude and duration thresholds were adjusted to include
all types of spikes while excluding the noise of the recording. The spike
duration threshold was set at 
0.5 ms and the amplitude threshold was
set at 
0.1 mV, depending on the noise level from each recording. Tem-
plates created by the spike-sorting program were meticulously examined
and those presenting nonphysiological signals were eliminated. Finally,
an event channel for each identified neuron was created in which each
event corresponded to a spike. The program enabled the representation
of peristimulus time histograms (PSTHs) and/or the firing rates of re-
corded neurons. When necessary, PSTHs were converted to firing rates
following this equation (Rieke et al., 1997): firing rate (spikes/s) �
(spikes per bin/repetitions) � (1000/bin size, in milliseconds). With the
aid of cursors, the latency, the PSTHs, and the instantaneous firing rate of
unitary recordings could be quantified.

Statistical analyses were performed using the SPSS package (SPSS), for
a statistical significance level of P � 0.05. Unless otherwise indicated,
mean values are followed by their SEM. When necessary, the Student’s t
test was used for the comparison between two independent means and
the paired t test when related to the same measurements. The Mann–
Whitney U test was used when the normality test (Shapiro–Wilk) failed
in the independent data test. Regression and correlation analyses were
performed using �100 measurements collected from �3 animals. Peaks
of power spectra were tested with the � 2-distributed test for spectral
density functions (Gruart et al., 2000a).

Results
Identification of recorded MC neurons
The MC eyelid recording area (Fig. 1B,C) was approached fol-
lowing a previous electrophysiological study (Pacheco-Calderón
et al., 2012) and in accordance with available stereotaxic coordi-
nates (Girgis and Shih-Chang, 1981). As illustrated in Figure 1,
recorded neurons were identified by their antidromic activation
from their projection sites (the contralateral FN or the ipsilateral
RN) and with the help of the collision test (Fig. 1D). Mean acti-
vation latencies were 5.03 � 0.18 ms (mean � SEM; n � 25
neurons recorded from 5 animals; range: 2.02– 6.63 ms) from the
FN and 3.36 � 0.09 (n � 189 neurons from 7 animals; range:
1.47–7.73 ms) from the RN. Additional support for the anti-
dromic nature of spike activation was that it followed stimulation
frequencies of �500 Hz (Trigo et al., 1999; Múnera et al., 2001;
Pacheco-Calderón et al., 2012).

As already reported (Pacheco-Calderón et al., 2012), the MC
recording area selected in our study was clearly related to eyelid
movements, because its stimulation evoked a short-latency
(10.1 � 0.3 ms; n � 20 measurements from 3 animals; range:
9.2–11.7 ms) activation of the EMG activity of the contralateral
orbicularis oculi muscle. Taking into account the anatomical dis-
tance, the small variability in latency of muscle activation from
the MC is suggestive of a disynaptic projection (Fig. 1E1). As
expected, the stimulation of the RN evoked responses of a shorter
latency (6.5 � 0.6 ms; n � 20 measurements from 3 animals;
range: 4.7–9.2 ms; Fig. 1E2) indicating the RN�s shorter distance
to the recorded muscle. Finally, orbicularis oculi muscle activa-
tion from the FN took place in 2.3 � 0.2 ms (n � 20 measure-
ments from 3 animals; range: 1.7–2.5 ms; Fig. 1E3). The latency
of spike-triggered averaged activities of orbicularis oculi mus-
cle was 12.5 � 0.4 ms (n � 15 measurements from 3 animals;
range: 11.3–13.6 ms). These results further confirmed that MC
neurons recorded and analyzed here project directly to the FN
and have a disynaptic activation effect on the orbicularis oculi
muscle (Fig. 1F ).

Small electrolytic-lesion marks made at the end of the record-
ing sessions indicated that MC neurons related to reflex, sponta-
neous, and conditioned eyelid responses occupied a dorsal

position in the rostral part of the rabbit cortical motor area (Fig.
1B,C). With the help of these electrolytic marks and collected
information regarding stereotaxic coordinates, we reconstructed
the location of recorded MC neurons (n � 257) included in this
study. Figure 1C illustrates that these neurons (types A–C; see
below) formed a cell column (anteroposterior, 1.5– 4.5 mm; lat-
eral, 2– 4 mm) over the dorsal MC (Girgis and Shih-Chang,
1981), i.e., the facial area of the MC is not located laterally like in
cats or primates.

To further confirm that these MC neurons were involved in
eyelid responses, we injected the anterograde BDA tracer in
the MC recording area of three animals (Fig. 2 A, B) and
checked axon terminals located within the FN. For identifica-
tion purposes, FN motoneurons (Mns) were labeled with
ChAT (Fig. 2C, D, G). Confocal photomicrographs of BDA la-
beling showed the presence of relatively few anterogradely
labeled axons near or closely apposed to ChAT-expressing FN
Mns (Fig. 2 E, F, H, I ). Apart from the longer distance, the low
density of MC axon terminals present in the FN could explain
the low number of antidromic MC neurons activated from this
nucleus (n � 25) compared with those activated from the RN
(n � 189), corresponding to a much larger and denser projec-
tion (Davies et al., 1994; Horn et al., 2002; Miller and Gibson,
2009).

Firing properties of MC neurons during classical
conditioning of eyelid responses
In addition to two preliminary recording sessions in the absence
of conditioning stimuli, performed to adapt animals to the re-
cording setup, MC neurons were recorded during the two habit-
uation and the successive (�20) conditioning sessions. The
experimental design for unitary recording during classical blink
conditioning is shown in Figure 3A, while the learning curve
corresponding to 10 animals recorded for two habituation and 20
conditioning sessions is represented in Figure 3B. Although ani-
mals reached the selected criterion by the seventh or eighth con-
ditioning session, training was maintained for 12 additional days.
In this way, we recorded the activity of MC neurons both during
the acquisition process and when the learning curve reached as-
ymptotic values.

The firing rates of MC neurons during air-puff-evoked reflex
blinks were quite different from those during spontaneous blinks
(Fig. 3C). The main difference was that MC neurons classified as
types B and C (see below) increased their firing frequency after
(25.3 � 8 ms; n � 32 neurons collected from 7 animals; range:
5–55 ms) the beginning of the evoked reflex blink, but before
(150.5 � 40 ms; n � 32 neurons from 7 animals; range: 70 –210
ms) the beginning of spontaneous blinks presented by uncondi-
tioned animals. Neurons classified as type A (n � 11 neurons
from 6 animals) did not fire during air-puff-evoked reflex blinks,
but they fired before (95.7 � 32 ms; range: 57–112 ms) the be-
ginning of spontaneous blinks.

Figure 3D shows a typical MC neuron recorded from a well
trained animal (15th recording session). This neuron was re-
corded during a complete conditioning session. Interestingly,
the cell was activated �60 ms following CS presentation, and
its activation preceded the beginning of the CR (as determined
from rectified EMG recordings) by �70 ms. The averaged
firing rate of the neuron increased steadily from its early acti-
vation until reaching a peak firing of �95 spikes/s at the time
of US presentation. Although this neuron was not identified
by antidromic activation, its spike amplitude (1.7 mV) and
duration (
0.5 ms), and its spontaneous firing (�25 spikes/s)
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Figure 3. Firing activities of MC neurons during classical blink conditioning using a delay conditioning paradigm. A, For conditioning, animals were presented with a tone (600 Hz, 85 dB, 350 ms)
as CS and with an air puff (3 kg/cm 2, 100 ms) presented to the left cornea as US. The CS coterminated with the US. CRs were recorded with the help of chronically implanted orbicularis oculi (O.O.)
EMG electrodes. Contralateral MC neurons (cMC) were recorded (Rec.) across conditioning sessions with glass microelectrodes. B, Evolution of the percentage of CRs across conditioning sessions. Note
that animals (n � 10) reached the selected criterion by the seventh or eighth conditioning sessions. MC neurons were recorded during the acquisition process and for 
10 sessions after the selected
criterion was reached. C, Typical responses of MC neurons (classified as types B and C) to air puff (20 ms, 3 kg/cm 2) presentations (left) and during performance of a spontaneous blink. Note the
different latencies and time scales. D, Representative example of the firing activity of an MC neuron recorded during a session from a well trained animal. From top to bottom are represented the
conditioning paradigm (CS and US presentations), the firing activity of the MC neuron and the EMG activity of the O.O. muscle for a single trial, the raster plot of 
60 successive trials, the averaged
firing rate, and the rectified EMG activity of the contralateral O.O. muscle. Note that the activation of the MC neuron substantially (
70 ms) preceded the beginning of the eyelid CR.
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meant that it could be classified as a py-
ramidal cell (Swadlow et al., 1998; Be-
loozerova et al., 2003). Because of its
characteristic double-peak activation
during the CS–US interval and follow-
ing US presentation, this neuron was
classified as a type B neuron (see below).

Types of MC neurons related to
classical blink conditioning
Recorded neurons were classified in three
different groups (A–C), depending on
their antidromic activation from the FN
or the RN, their spontaneous firing, and
their firing during the CS–US interval
(Fig. 4).

Type A neurons (Figs. 4A,B, 5A) pre-
sented action potentials lasting 
0.5 ms,
and an irregular spontaneous firing rate,
with mean values ranging from 3 to 15
spikes/s. To determine whether type A
neurons were activated by CS-alone pre-
sentations, we compared their integrated
activity during the 250 ms preceding ver-
sus the 250 ms following CS presenta-
tions. Indeed, type A neurons were not
significantly (t(21,0.05) � �1.423; p � 0.17;
n � 11 neurons from 8 animals) activated
during CS-alone presentations—that is,
during the two habituation sessions. As
illustrated in Figure 4A, type A neurons
fired a burst of action potentials preceding
(50 –90 ms) the EMG activation of the or-
bicularis oculi muscle during the CS–US
interval—i.e., during the generation of
the CR. Characteristically, the peak firing
of type A neurons took place during the
CS–US interval, reaching not very high
(20 –30 spikes/s) peak firing rates (Figs.
4B, 5A). Their firing rates decreased
steadily during US presentation until
reaching (irregular) tonic firing 0.2– 0.3 s
afterward. The averaged firing rates of 11
type A neurons recorded from well
trained animals (i.e., from the 9th to the
20th conditioning session) are illustrated
in Figure 5A. In this situation, the aver-
aged population of type A neurons was
activated at �70 ms following CS presen-
tation and preceded the beginning of the
CR by �95 ms. The averaged peak firing
rate of type A neurons took place at �200
ms from CS presentation. A total of 23
neurons recorded from eight animals
were included in this group, 52% of them
(i.e., 12 neurons) being activated anti-
dromically from the FN. No neuron in-
cluded in this group was activated
antidromically from the RN.

Type B neurons (Figs. 3D, 4C,D, 5B) presented action poten-
tials lasting 
0.5 ms, but with a more stable and higher (10 –20
spikes/s) spontaneous firing rate than type A cells. Type B neu-
rons were not activated (t(29,0.05) � �1.336; p � 0.19; n � 15

neurons from 7 animals) during habituation sessions. As illus-
trated in Figures 3D, 4C,D, and 5B, this type of neuron presented
two successive bursts of action potentials: one during the CS–US
interval (20–40 spikes/s) and the other immediately following US
presentation (25–75 spikes/s). Their firing decreased slowly after the

Figure 4. Different types of MC neurons activated during classical blink conditioning with a delay paradigm. A, B, Firing
properties of type A neurons. A, From top to bottom are illustrated the conditioning paradigm, the raw activity of a
representative type A neuron, the event channel and firing rate of the selected neuron, and the raw EMG activity of the
orbicularis oculi (O.O.) muscle during a single CS–US presentation. B, Conditioning paradigm, raster plot of all spikes
collected from the same MC neuron during 15 successive trials, and the averaged firing rate. Type A MC neurons were
characterized by an increased firing rate before the CR and a noticeable decrease of their firing rates during US presenta-
tion. C, D, Same as in A and B for a representative type B MC neuron recorded for 26 trials. Type B neurons were charac-
terized by an initial firing peak preceding the CR and by a second increase of firing rate during US presentation. E, F, Same
as in A and B for a representative type C MC neuron recorded for 53 trials. Type C neurons were characterized by a continuous
increase in their firing rates preceding the CR and by reaching the maximum peak during US presentation. Time calibration
in E is also for A and C. Time calibration in F is also for B and D.
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end of the US, reaching a spontaneous firing rate of
0.5 s thereafter.
The averaged firing rates of 15 type B neurons recorded from seven
well trained animals are illustrated in Figure 5B. In this case, the
averaged population of type B neurons was activated at �50 ms
following CS presentation and preceded the beginning of the CR by
�110 ms. The averaged peak firing rate of type B neurons took place
at�130 ms from the CS presentation. A total of 28 neurons recorded
from nine animals were included in this group, 46.4% of them (i.e.,
13 neurons) being activated antidromically from the FN. No neuron
included in this group was activated antidromically from the RN.

Finally, type C neurons (Figs. 4E,F, 5C) also presented action
potentials lasting 
0.5 ms, and a spontaneous firing rate similar
(10 –20 spikes/s) to that presented by type B neurons. Like types A
and B, type C neurons did not modify their firing (t(29,0.05) �
�1.171; p � 0.23; n � 17 neurons from 7 animals) following
CS-alone presentations during the two habituation sessions. MC
neurons included in this group presented a slow increase in their
firing rates during the CS–US interval, reaching their peak firing
(30 –50 spikes/s) by the time of the US presentation (Figs. 4E,F,
5C). During CS-alone presentations in well trained animals, it
was observed that the firing of type C neurons reached a peak rate
for the time corresponding to the US presentation. Nevertheless,
and as already indicated (Fig. 3C), type C neurons also fired
following US-alone presentations. Like type B neurons, their fir-
ing decreased slowly after the end of the US presentation and
remained above their mean spontaneous discharge rates for

0.5 s. The averaged firing rates of 17 type C neurons re-
corded from well trained animals are represented in Figure 5C.

As shown, the averaged population of type C neurons was
activated at �70 ms following CS presentation and preceded
the beginning of the CR by �90 ms. The averaged peak firing
rate of type B neurons took place at �310 ms from the CS
presentation. A total of 37 neurons were included in group C,
20 (i.e., 54%) of them being activated antidromically from the
RN. In this case, no neuron included in this group was acti-
vated antidromically from the FN. It is important to point out
that although 189 neurons were activated antidromically from
the RN, only 20 of them (i.e., 10.5%) presented a firing rate
related to conditioned eyelid responses.

On the whole, these results indicate that the three types of MC
neurons described here are activated during the CS–US interval
well in advance of the initiation of the EMG activity of the orbi-
cularis oculi muscle—i.e., of the CR. In addition, there is some
specificity in the motor commands sent by MC neurons to the
RN and to the FN.

Changes in the activity of MC neurons during the acquisition
process of conditioned eyelid responses
Figure 3B illustrates the mean learning curve of classically
conditioned animals (n � 10). As already described in preced-
ing studies using similar conditioning protocols and training
paradigms (Gruart et al., 2000a; Leal-Campanario et al., 2007;
Pacheco-Calderón et al., 2012), conditioned animals started to
generate CRs by the third to fourth conditioning session and
reached the selected criterion by the seventh to eighth session.
In our case, the mean rate of CRs was maintained at 
80%

Figure 5. Averaged firing rates of representative type A–C MC neurons recorded from well conditioned animals. All recordings were performed after the eighth conditioning session. The averaged
firing rates are represented as mean values � SEM (bin size, 20 ms). A, From top to bottom are illustrated the conditioning paradigm, the averaged firing rate of selected (n � 11) type A neurons,
and the average of the rectified EMG responses of the orbicularis oculi (O.O.) muscle. Note that their peak firing rates occurred before US presentation and that they did not respond during the
unconditioned response. B, Averaged firing rates and rectified EMG responses collected from n � 15 type B neurons. These MC neurons were characterized by the presence of an initial peak in their
firing rates before the CR and then by a second increase of their firing rates during the US. C, Same than as in A for selected (n �17) type C neurons. These MC neurons presented a continuous increase
in their firing rates beginning well before (
90 ms) the start of CRs and reaching the maximum during US presentation—i.e., during the generation of the unconditioned eyelid response.
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from the eighth to the 20th conditioning
sessions. As shown above, the three types of
MC neurons reported here presented stable
values in their latency to CS presentation
and in the start of CRs, as well as regarding
their mean firing profiles.

However, we also wanted to know
the putative relationships between the
discharge rates of MC neurons during
the acquisition process—i.e., during the
first eight conditioning sessions. For
this, and as illustrated in Figure 6A–D,
we selected the firing profiles of type
A–C neurons recorded during these
early conditioning sessions (Fig. 6A),
together with the rectified EMG activi-
ties of the orbicularis oculi muscle
collected during the corresponding ses-
sions and trials (Fig. 6B). As shown in
Figure 6 A, B, both firing profiles and
rectified EMG profiles decreased in la-
tency across the successive conditioning
sessions. A linear analysis of the col-
lected data (n � 10 neurons recorded
from �100 trials and collected from 6
animals) indicates that there was a sig-
nificant relationship between the de-
crease in the latency to CS presentation
(in milliseconds) of recorded type A
( y � 94.8 � 1.2 x; r(9,0.05) � 0.67; p �
0.025), B ( y � 137.3 � 0.4 x; r(12,0.05) �
0.57; p � 0.033), and C ( y � 31.2 �
1.5x; r(9,0.05) � 0.72; p � 0.012) neurons
and the corresponding latencies for rec-
tified EMG responses (in milliseconds;
Fig. 6E).

We also quantified the area below
these profiles corresponding to the
CS–US intervals (Fig. 6C,D). In this re-
gard, an attempt was made to determine
the linear relationships between the two
variables included in Figure 6C,D—
namely, the integrated firing profile area
and the integrated EMG amplitude dur-
ing the CS–US interval. As already re-
ported, eyelid position can be precisely
determined from the integral of the recti-
fied activity of the orbicularis oculi muscle
(Gruart et al., 1995). A representation
(Fig. 6F) of integrated neural responses
[in (spikes/s) � s] versus integrated EMG
responses (in mV � s) from six animals
demonstrated the presence of linear rela-
tionships between the firing rates of type
A ( y � 0.74 � 0.13�; r(10,0.05) � 0.6; p �
0.04), B ( y � �0.77 � 0.5�; r(13,0.05) �
0.8; p � 0.0003), and C ( y � 4.04 � 1.3�;
r(9,0.05) � 0.78; p � 0.005) neurons and
the corresponding CRs collected during
the same trials and sessions. It is interest-
ing to note that, contrary to values col-
lected for type B and C neurons (0.5 and
1.3 slopes, respectively), type A neurons
presented a low slope (0.13) for the linear

Figure 6. Relationships between changes in firing rates for type A–C neurons and the increase in CRs across conditioning
sessions. Analyses were performed for data collected from the third to the seventh conditioning sessions. A, Profiles of
firing rates collected from representative type A neurons (inset) across the acquisition process corresponding to the CS–US
interval, as indicated in blue. B, Profiles of CRs collected during the conditioning sessions corresponding to data illustrated
in A. For A and B, the increase in color intensity indicates the recording order across training. C, Representation of the area
of a firing response during the CS–US interval. D, Representation of the area corresponding to the rectified activity of the
orbicularis oculi (O.O.) muscle collected during the recording trials for the averaged firing rate illustrated in C. E,
Linear relationships between the latency of neuronal responses to CS presentations versus the latency of the conditioned
eyelid responses to CS presentations. Note that the three types of MC neurons presented similar relationships with the
latency of CRs. F, Linear relationships between integrated neuronal responses during the CS–US interval and the integrated
EMG activity of the O.O. muscle corresponding to CRs. The length of the regression lines was restricted to the
collected values.
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relationships between integrated neural responses and integrated
EMG amplitudes.

In contrast, the three types of neurons presented similar
slopes (4.8 – 6.1; r � 0.6; p � 0.13) when their integrated
neural responses were plotted against the acquisition curve for
the initial eight conditioning sessions (not illustrated). These

data suggest that while type A neurons
were more related to the learning curve
than to eyelid performance during
CS–US presentations, the other two
types of MC neurons were related to
both (learning curve and integrated
EMG activity). Together, these results
indicate that MC neurons are signifi-
cantly related to the acquisition of clas-
sically conditioned eyelid responses.

Effects of acute inactivation of the MC
on already acquired CRs
In an additional series of experiments,
we studied the effects of MC transient
inactivation on the acquisition of
CRs (Fig. 7A–D) in controls (vehicle-
injected) and experimental (lidocaine-
injected) animals (n � 3 per group).
Lidocaine infusion in the MC of condi-
tioned animals (fourth and fifth train-
ing sessions; n � 6 measurements
collected from three animals/group)
significantly (t(10,0.05) � 10.964; p �
0.001) reduced the percentage of CRs
(from 85 � 3% to 42 � 2.5%; Fig. 7C).
The rectified and averaged (n � 66 tri-
als/session) EMG activity of the orbicu-
laris oculi muscle corresponding to
vehicle-injected and lidocaine-injected
animals during the fifth conditioning
session is illustrated in Figure 7 A, B. In
accordance with the illustrated data
(fourth and fifth training sessions; n � 6
measurements from 3 animals/group;
Fig. 7D), lidocaine injection also signif-
icantly reduced the amplitude of CRs
(by 	70%, t(10,0.05) � 4.321; p � 0.002),
with a lesser effect on the performance
of the unconditioned responses (by
	35%, t(10,0.05) � 2.276; p � 0.046). As
already suggested in a previous study
(Pacheco-Calderón et al., 2012) using
similar lidocaine injections, these re-
sults further indicate that the MC plays a
significant role in the immediate gener-
ation of classically conditioned eyelid
responses, affecting both their acquisi-
tion and performance. In addition, it
could be suggested that the MC could
provide a general facilitatory tone to the
system, affecting more directly condi-
tioned versus unconditioned eyelid re-
sponses, because of the stronger nature
of the reflex blinks.

Oscillatory properties of MC neurons compared with those
of CRs
An attempt was made to determine whether the firing profiles of
identified MC neurons presented oscillatory properties similar to
those reported for eyelid CRs. As previously reported (Gruart et
al., 2000a; Caro-Martín et al., 2015) and additionally illustrated

Figure 7. Effects of the chemical inactivation or the electrical stimulation of the MC on the generation and kinematics of CRs.
A–D, The contralateral MC was perfused with lidocaine (5% solution at a rate of 0.1 �l/min) or control (vehicle injection at the
same rate). Three animals per group were injected. Note that lidocaine inactivation of the contralateral MC significantly decreased
the percentage of CRs (C) and the integrated amplitude of both CRs and unconditioned responses (UR; D). *p � 0.046; **p �
0.002; ***p � 0.001. E–G, Representative examples of CRs recorded across successive conditioning sessions. Eyelid movements
were recorded with the magnetic search coil technique. Note the wave nature of conditioned eyelid responses, and that the
number of downward waves increased across conditioning (1, third session; 2, sixth session; 3, eighth session). Note also in F that
the spectral power of CR profiles (n � 60) recorded during the same conditioning sessions increased with the number of waves, at
�10 Hz. The inset in F illustrates spectral powers obtained from the averaged profiles of the firing rates of A–C neurons collected
from six animals from the eighth to the 20th conditioning sessions. G, Effects of the electrical stimulation of the contralateral MC on
the EMG activity of the orbicularis oculi (O.O.) muscle and on eyelid position. The MC was stimulated with an increasing number of
paired pulses (1 ms interpulse interval) at a frequency of 10 Hz. Note how similar the evoked eyelid responses were compared to
those presented by actual CRs—i.e., both of them presented a similar ramp-like wavy profile.
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in Figure 7E–G, eyelid CRs in behaving rabbits consist of a ramp-
downward displacement of the upper eyelid formed by successive
waves or sags with a dominant frequency of �10 Hz. Although
the number of waves composing CR profiles increased with the
successive conditioning sessions—thereby increasing the dura-
tion of the CR (Fig. 7E)—the dominant frequency of these wavy
components did not change with training (Fig. 7F). In addition,
and following procedures described previously (Caro-Martín et
al., 2015), we calculated the spectral power of overlapped firing-
rate profiles collected from the three (A–C) types of neurons.
Firing rate profiles were collected from six well trained animals,
i.e., from the eighth to the 20th conditioning sessions. Indeed,
and as indicated above, the three types of neurons described here
presented peak firing rates of significantly different intervals with
respect to CS presentation. As illustrated in the inset of Figure 7F,
the averaged firing-rate profiles of the three types of neurons
described in this study presented a dominant frequency of 11.3 �
0.7 Hz, i.e., very close to that presented by eyelid CRs. Finally, we
compared the usual profiles of eyelid CRs recorded using the
magnetic search coil technique with those evoked by train stim-
ulation of the MC eyelid area. As illustrated in Figure 7G, the
electrical stimulation of the contralateral MC (n � 3 animals) at
the same frequency (10 Hz) perfectly simulates the profile and
kinematics of eyelid CRs. For example, the amplitude of down-
ward eyelid sags evoked by each single stimulus presented to the
MC (median, 2.5°; range, 1.75–9°) was similar (U(60,60,0.05) �
1545.5; p � 0.182) to the amplitude recorded during actual CRs
(median, 3.75°; range, 0.62–11.25°). In addition, peak amplitude
(19.67 � 0.803°; n � 6 measurements from 3 animals; range,
17–22°) of train-evoked eyelid responses and that presented by
CRs (20.5 � 0.764°; � n � 6 measurements from 3 animals;
range, 18 –23°) were also similar (t(10,0.05) � �0.752; p � 0.469).
Thus, it can be concluded that the electrical train stimulation of
the MC can generate CRs similar to those that are naturally
evoked.

Discussion
Main findings of the present study
In accordance with the present results, the firing activities of
identified MC neurons are related to the generation and profiles
of eyelid CRs. Recorded neurons were classified as three different
types (A–C) depending on the projection sites (FN, RN), activa-
tion profiles, and linear relationships with the latency and inte-
grated amplitude of evoked CRs. Importantly, the firing of the
three types of MC neurons started during the CS–US interval well
in advance (�90 ms) of the beginning of CRs. Type A neurons
increased their discharge rates across conditioning sessions
during the CS–US interval and reached peak firing during the
CS–US interval, while type B cells presented a second peak during
US presentations. Both of them were activated antidromically
from the FN and modified their latency with the corresponding
changes in latency of CRs across the successive conditioning ses-
sions, but presented a low modulation of their firing rates
(mainly type A) in relation to changes in the integrated amplitude
of evoked CRs. In contrast, type C cells increased their firing rate
across the CS–US interval, reaching peak values at the time of US
presentation, and were activated from the RN. Type C cells mod-
ified their activation latency and their firing rates in relation to
the changes in latency and integrated amplitude of CRs across
training. The reversible inactivation of the facial MC area during
conditioning evoked a significant reduction in the percentage
and in the integrated amplitude of CRs, with a lesser effect on
unconditioned responses. In contrast, train (10 Hz) stimulation

of the MC simulated the profile and kinematics of CRs recorded
with the magnetic search coil technique. In conclusion, results
reported here clearly indicate the direct involvement of MC neu-
rons in the acquisition and performance of eyelid CRs.

MC control of orbicularis oculi Mns
The intrinsic organization, within the FN, of the different
groups of Mns innervating facial muscles is well preserved
across mammals (Morecraft et al., 2001; Sherwood, 2005). In
particular, orbicularis oculi Mns occupy preferentially the
dorsolateral subdivision of the nucleus in primates (Morecraft
et al., 2001), cats (Shaw and Baker, 1985), rabbits (Furutani et
al., 2004), and rats (Martin and Lodge, 1977; Furutani et al.,
2004). At the same time, facial muscles have distributed and
repeated representations in different MC areas (Morecraft et
al., 2001; Müri, 2016). Although it has been suggested that
direct descending projections from the MC in the FN are pres-
ent only in catarrhine primates, in relation to their enhanced
facial expressions (Sherwood, 2005), the present results indi-
cated the presence of a relatively low projection of MC neu-
rons into the orbicularis oculi subdivision of the FN in the
rabbit. In this regard, Grinevich et al. (2005) described in rats
a more definite monosynaptic pathway from the vibrissa MC
to facial Mns. Although MC projections to orbicularis oculi
Mns in rabbits did not appear as dense as the one described for
vibrissa Mns in the rat, the effects of MC stimulations on the
EMG activity of the orbicularis muscle (Fig. 1E1) and the
results collected from the MC spike-triggered activity (Fig.
1F ) indicate the presence of effective postsynaptic effects of
MC projecting neurons on orbicularis oculi Mns. Fanardjian
and Manvelyan (1987) reported similar findings in acute elec-
trophysiological experiments performed in anesthetized cats.
As reported here, type A and B neurons started firing well in
advance (�95 and �110 ms, respectively) of the initiation of
CRs. In contrast, identified orbicularis oculi Mns start their
firing �2 ms before the initiation of the EMG activity of the
innervated muscle (Trigo et al., 1999). These differences are
suggestive of a slowly building depolarization of facial Mns
preceding their firing during the generation of eyelid CRs. A
comparison between the short latencies in the activation of
facial Mns during the corneal reflex (Baker et al., 1980; Shaw
and Baker, 1985; Trigo et al., 1999) and the long latencies for
MC activation of orbicularis oculi Mns (present results) is
suggestive of somatic projections of second-order trigeminal
neurons versus distal dendritic projections of MC neurons on
these Mns. This proposal is supported by acute electrophysi-
ological experiments performed in anesthetized cats (Fanard-
jian et al., 1983; Fanardjian and Manvelyan, 1987). In
addition, the different depolarization profiles and the strength
of activation of facial Mns during the corneal reflex and during
CRs (Trigo et al., 1999) explain at least in part the different
profiles and kinematics of reflex versus conditioned eyelid
responses (Trigo et al., 1999; Gruart et al., 2000a).

MC commands also reach the FN across cortical projec-
tions to the RN (Miller and Gibson, 2009). In fact, type C
neurons described here seem to project to the RN and carry
motor command signals preferentially related to the perfor-
mance of CRs, along with other eyelid motor behaviors, a
characteristic also present in RN neurons projecting to the FN
(Pacheco-Calderón et al., 2012). Finally, it is well known that
the MC also sends descending projections to the cerebellum
via pontine nuclei (Brodal, 1987; Kosinski et al., 1988), a fact
already taken into consideration in previous studies on classi-

6998 • J. Neurosci., June 29, 2016 • 36(26):6988 –7001 Ammann et al. • Motor Cortex and Conditioned Blinks



cal blink conditioning (Ivkovich and Thompson, 1997). It
should be noticed here that this important and massive pro-
jection reaches the cerebellum, providing an efference copy of
cortical motor commands (Holst and Mittelstaedt, 1950;
Sperry, 1950). Feedback projections from cerebellar nuclei to
different cortical areas are then able to modulate those motor
commands for a more proper performance of the aimed motor
responses (Sánchez-Campusano et al., 2007; Bostan et al.,
2013; Yang et al., 2015).

What are MC neurons encoding?
Different studies have recently confirmed the presence of activity-
dependent mechanisms in the dendrites of MC pyramidal neurons
and cortical reorganizations in relation to the acquisition of new
motor abilities (Doyon and Benali, 2005). For example, an increase
in dendritic length of layer V pyramidal neurons as a result of the
acquisition of a motor reaching task has been described (Gloor et al.,
2015). These cortical plasticity processes taking place in distal den-
drites are dependent on proper NMDA-specific glutamate receptor
functions (Hasan et al., 2013). Finally, in two seminal studies,
Woody’s group convincingly demonstrated the presence of depolar-
izing EPSPs in the pericruciate cortex of awake cats to CS and US
presentations (Birt et al., 2003) and that the activation of recorded
cortical units by CS presentations preceded the onset of the evoked
CRs (Aou et al., 1992). The results collected by Woody et al. (Aou et
al., 1992; Birt et al., 2003), further confirmed here, support the hy-
pothesis that the MC is involved in the initiation of classically con-
ditioned eyelid responses.

According to the present results, MC neurons are encoding
both the profiles and kinematics of eyelid CRs. In fact, the
firing rate of the three types of MC neurons described here was
related not only to the learning curve, but also to the eyelid
positions corresponding to CRs presented across the succes-
sive conditioning sessions, as determined by the integrated
EMG activity of the orbicularis oculi muscle during the CS–US
interval (Fig. 6F; Gruart et al., 1995). In addition, the electrical
stimulation of the recorded MC area evoked eyelid profiles
similar to those characterizing CRs in the rabbit (Fig. 7D–F ).
This is not a surprise, because the property of encoding differ-
ent kinematic parameters of acquired motor abilities and the
dynamics of the learned responses have been classically as-
cribed to diverse cortical areas involved in motor control
(Evarts et al., 1983; Monfils et al., 2005; Orban et al., 2011;
Hardwick et al., 2013).

As shown in a preceding study (Pacheco-Calderón et al.,
2012) and further confirmed here (Fig. 7A–C), the reversible
inactivation of the MC evoked a significant reduction in the
integrated EMG amplitude of both conditioned and uncondi-
tioned responses, more noticeable in the former. These results
are in contrast with those of classic studies indicating that even
large MC lesions do not seem to affect the acquisition or per-
formance of CRs in behaving rabbits (Ivkovich and Thomp-
son, 1997). In contrast, Kelly et al. (1990) described the
presence of noticeably modified CRs in the decerebrate-
decerebellate rabbit. Moreover, it has been recently proposed
that the RN and the surrounding pararubral area can substi-
tute for the respective motor roles of cerebral cortical and
cerebellar structures (Pacheco-Calderón et al., 2012), because
they receive afferents from different sensory modalities (Padel
et al., 1988) and present rich intrinsic circuits (Haley et al.,
1988; Horn et al., 2002). Together, these studies suggest the
presence of additional neural centers with a limited capacity to
generate CRs.
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García JM (2000b) Cerebellar posterior interpositus nucleus as
an enhancer of classically conditioned eyelid responses in alert cats. J Neu-
rophysiol 84:2680 –2690. Medline
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