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Abstract of the Dissertation 

Neuronal Activation with Gain Modification of the Trigeminal Blink Reflex 

by 

Patricia Enmore 

Doctor of Philosophy 

in 

Neuroscience  

Stony Brook University 

2016 

 

The trigeminal blink reflex is a simple circuit for investigating the neural bases of motor plasticity 

in mammals. Stimulating the supraorbital branch of the trigeminal nerve (SO) evokes two bursts of activity 

in the lid closing orbicularis oculi muscle, R1 and R2. One procedure for inducing blink plasticity is high 

frequency stimulation (HFS) of the SO. Presenting HFS before the R2 component (HFS-B) reduces blink 

amplitude for at least one hour in humans and rats. This reduction in blink amplitude is a decrease in gain 

because the blink evoking stimulus is the same before and after HFS-B treatment.   

To identify neurons in the trigeminal blink circuit that participate in this form of blink plasticity c-

Fos immunohistochemistry was utilized. One group of rats underwent HFS-B treatment and a second 

control group received individual SO stimuli instead of HFS-B treatment.  The data showed that the number 

of c-Fos labeled neurons in the trigeminal nucleus correlated inversely with the reduction in reflex blink 

gain. The cerebellum plays a major role in motor plasticity. To investigate whether the cerebellum 

participated in blink reflex plasticity, c-Fos labeling was measured in a cerebellar input nucleus, the inferior 

olive (IO) and the red nucleus, which receives an output from the cerebellum. As with the trigeminal 

complex, the number of c-Fos labeled cells in the IO and RN correlated inversely with the reduction in 

reflex blink gain.  

The inverse relationship between the number of c-Fos labeled cells and the suppression of 

trigeminal reflex blink circuit activity suggests that circuit inhibition requires activating more cells than 

enhancing trigeminal blink circuit activity. These data are important in considering how pathological states 

modulate trigeminal reflex blink circuits. 
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  Chapter 1 

 

 

Introduction 

 

Abnormalities in motor adaptation occur in many diseases. The nervous system constantly adapts, 

so that a given input to the motor system produces the appropriate movement. This modification of the 

motor system is called motor adaptation.  Motor adaptation is impaired in Parkinson’s disease (PD) [1] and 

in rodent models of PD [2], whereas in the focal dystonia benign essential blepharospasm, motor adaptation 

is enhanced [3]. Therefore, understanding the neural mechanisms behind motor adaptation in a motor 

behavior shared by all mammals that exhibits the same deficits in animal models as in PD patients may 

provide insight into treatment options. Blinking is an evolutionarily conserved behavior. It evolved to 

ensure corneal moisture in the face of evaporation when vertebrates moved out of the water onto the land.  

The same pattern of blinking is present in vertebrates as diverse as frogs and humans [4]. Thus, the 

trigeminal blink reflex provides an ideal model to study the neural bases of motor adaptation in normal and 

pathological states. 

 

Forces Controlling Eyelid Movements 

There are four forces that interact to produce the blinks that spread the tear film.  Three active 

forces are produce by three muscles; the orbicularis oculi muscle (OO), the levator palpebrae superioris 

(LP) and Mueller’s smooth muscle. OO contraction closes the eyelids. OO motor units are almost 

exclusively fast phasic. The motoneurons innervating the OO are found in the ipsilateral, dorsolateral facial 

motor nucleus.  Contraction of the LP raises the upper eyelid. Motoneurons innervating the LP are in the 

oculomotor nucleus. Unlike the skeletal OO muscle fibers, LP muscle fibers are typical extraocular muscle 
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fibers [5, 6].  Mueller’s muscle bridges the LP and the tarsal plate. Contraction of this muscle elevates the 

upper eyelid.  Innervation of Mueller’s muscle arises from the superior cervical ganglion [7]. Because the 

sympathetically controlled Mueller’s muscle doesn’t play a significant role in normal blinking [8], it will 

not be further discussed. The fourth force is a passive downward force. Opening the eyelids stretches several 

tendons and check ligaments to create a passive downward force, similar to pulling a bow string. To close 

the eyelid with a blink, the tonically active LP relaxes and the OO contracts. LP relaxation releases the 

passive downward forces. The combination of passive downward forces and the burst of OO activity lead 

to rapid eyelid lowering. To open the eyelid, the OO relaxes and LP motoneurons resume their tonic 

discharge (Figure 1). The contraction of the LP raises the eyelid. A balance between the LP tonic upward 

force and opposing passive downward forces created by lid elevation determines final upper eyelid position 

[8] [9]. Thus, the OO, LP, and passive downward forces work together to create eyelid movements with 

blinking and vertical eye movements. The similar anatomical organization of the eyelids among mammals 

suggests that neural circuits controlling the eyelids are also shared among mammals[8] [4]. 

 

Different Types of Blink 

Based on when they occur and their kinematic properties, there are three types of blinks, voluntary, 

reflex and spontaneous. Voluntary blinking is the result of a conscious decision to blink.  Reflex blinking 

is initiated by trigeminal, auditory, or visual stimuli.  Spontaneous blinking occurs in the absence of external 

stimuli or conscious decision.  In normal humans, the average spontaneous blink rate is approximately 14 

blinks per minute and 5.3 blinks per minute in normal rats [10] [11]. Unlike voluntary and reflex blinks, 

spontaneous blinks appear to result from the activity of an endogenous blink generator, similar to central 

pattern generators [12] [11, 13, 14] that is modulated by corneal afferents, dopamine and cognitive states 

[11] [10, 15-18].  
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 Blink Kinematic Differences in Voluntary, Spontaneous and Reflex Blinks 

Although eyelid motion with blinking is similar for all types of blinks, there are kinematic 

differences among voluntary, spontaneous and reflex blinks [8]. There is a linear relationship between blink 

amplitude and maximum velocity for all three blink types. The peak velocity of lid closing increases with 

blink amplitude, but the slope of this relationship differs among the three types of blinks [8]. At the same 

blink amplitude, the peak velocity of reflex blink closing is fastest, followed by voluntary and finally by 

spontaneous blink lid closure [8]. Unlike the peak velocity of lid closure, however, the duration of the 

downward lid movement does not increase with blink amplitude. Nevertheless, there is a difference in 

downward lid movement duration among the three blink types. The lid lowering phase of spontaneous 

blinks has a longer duration than the other two types of blink [8].  

Lid opening also shows a relationship between blink amplitude and peak velocity for the three types 

of blinks.  Unlike with lid closure, however, there is no significant difference between the slopes for the 

three blink types.  It requires less time to complete a downward lid movement of a blink than to accomplish 

an equal amplitude upward lid movement [8]. The downward lid movement is faster than the upward lid 

movement because there are two forces acting to close the eyelid [8, 9].  The OO muscle provides an active 

downward force and LP relaxation enables the passive downward forces to assist lid closure. In contrast, 

the LP must work against the passive downward forces with upward lid movement.  

The pattern of orbicularis oculi electromyographic (OOemg) activity determines the kinematics of 

lid closing.  The peak OOemg amplitude correlates with peak lid closing velocity.  The OOemg activity for 

reflex blinks has an abrupt onset and achieves a large peak amplitude [8]. In contrast, the OOemg for 

voluntary and spontaneous blinks displays a slower buildup of activity and does not achieve as large a peak 

OOemg amplitude as reflex blinks [8].  The duration of lid closure corresponds to the duration of OOemg 

activity [8].  The integral of OOemg activity correlates with lid closing amplitude and peak closing velocity 

correlates with peak OOemg activity [8].  Whether a blink is voluntary, reflex or spontaneous, all blinks 
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have a similar pattern and investigators use different types of blinks to investigate brain circuits. This thesis 

focuses on trigeminal reflex blinks. 

 

Orbicularis Oculi R1 and R2 Component in Primates and Non-Primates 

In humans and rodents, stimulation of the supraorbital (SO) branch of the trigeminal nerve, elicits 

two OOemg responses, an initial component, R1, followed by a second component, R2 (Figure 2) [19-21]. 

In primates, the R1 response is usually small and the R2 response is large [8, 21-23].  In non-primate 

mammals, however, the R1 response is larger than the R2 [19] [24] [20, 25, 26]. In primates, the R2 

response causes most of the lid closure with a blink [22] [8], whereas in non-primates, the R1 response 

produces most of the lid closure [19]. Primate studies show that SO stimulation usually evokes an R1 only 

ipsilateral to the site of stimulation, whereas the R2 response occurs bilaterally [8] [21]. Nevertheless, the 

R1 can be observed on the contralateral side if the OO motoneurons are depolarized [27] [28]. This 

observation indicates that the R1 response in primates is bilateral, but the contralateral R1 has a much higher 

threshold than the ipsilateral R1 [23, 29] Although special procedures such as bilateral eyelid closure are 

typically necessary to see the contralateral R1 in primates [27, 28], increasing the threshold stimulus 

intensity necessary to evoke an ipsilateral R1 by a factor of three elicits a contralateral R1 in non primate 

mammals[19, 20]. These data demonstrate that the contralateral R1 response is weaker than the ipsilateral 

and reinforce the proposal that trigeminal reflex blinks possess similar neural underpinnings in both 

primates and rodents [4] [20]. 

 

Three Subdivisions of the Trigeminal Nerve 

The trigeminal nerve consists of three subdivisions: ophthalmic, maxillary and mandibular. The 

subdivisions of the trigeminal nerve convey nociceptive, temperature and touch modalities from the skin of 
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the face, the eyes, the dura, and the nasal cavity [30]. The ophthalmic branch of the trigeminal nerve carries 

sensory information from the skin of the upper eyelid, cornea, conjunctiva and the nose. The ophthalmic 

nerve also supplies sensory information from portions of the dura [30]. The maxillary nerve innervates the 

upper lip and upper jaw and the mandibular nerve innervates the lower part of the mouth [30]. One nerve 

in the ophthalmic branch of the trigeminal nerve is the frontal nerve that gives rise to the SO. The SO relays 

information from the forehead, upper eyelid and scalp (Fig 3). The primary afferents of the SO branch 

terminate in the brainstem in the spinal trigeminal nucleus, the dorsal horn of spinal cord C1 and the 

reticular formation [19, 31-35]. The spinal trigeminal nucleus complex is comprised of the principal and 

spinal trigeminal nuclei. The spinal trigeminal nucleus consists of three subnuclei, oralis, interpolaris and 

caudalis that extend caudally from the principalis to the dorsal horn of C1 [19, 30, 36]. Most trigeminal 

afferents split in the trigeminal tract and send processes to both the principalis and spinal trigeminal nuclei, 

however, some only project caudally and do not project to the principalis [37]. The SO nerve exhibits a 

bipartite termination pattern, innervating neurons in the border region between the interpolaris and caudalis 

subdivision and in the border region between caudalis subdivision of the spinal trigeminal nucleus and C1 

spinal cord [34] [35] [32] [33] [20] [31] [19].The SO along with other ophthalmic branch afferents form the 

sensory limb of the trigeminal blink reflex [19]. 

The efferent limb of the trigeminal blink reflex eye closure, OO motoneurons, lie primarily in 

dorsolateral subdivision of the ipsilateral facial (VII) motor nucleus [38] [39, 40] [31, 41, 42]. During the 

R1 and R2 components of a SO evoked blink, individual OO motor neurons are active with both the R1 

and R2 reflex blink components [38, 43] [44]. Even though individual OO motoneurons discharge with 

both the R1 and R2 blink components, the R1 and R2 responses arise from distinct neural circuits [45, 46] 

[19, 47]  

Neurons in the border region between the caudalis/ interpolaris subdivision of the spinal trigeminal 

nucleus give rise to the R1 response, whereas the R2 response originates from neurons in the caudalis / C1 

border region. Pellegrini et al. (1995) showed that hemisections of the caudalis / C1 region eliminated the 
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R2 but not the R1 response, whereas hemisections at the caudalis / interpolaris border region eliminated R1 

as well as the R2 responses. To determine whether silencing the SO afferents at the interpolaris/caudalis 

could eliminate R1 only, Pellegrini et al. (1995) microinjected baclofen at the site of the SO interpolaris / 

caudalis termination zone.  This injection initially reduced the R1, but not the R2 response [19].  This 

reduction in R1 amplitude presumably occurred because the GABAB agonist inhibited neurotransmitter 

release from SO pre-synaptic terminals in the interpolaris / caudalis border region. 

The efferent connections of neurons in the trigeminal complex are the critical link between the 

afferent and motor elements of the trigeminal blink reflex [19]. There are direct projections to the OO 

motoneurons from the ipsilateral trigeminal nuclei [48] [49] [19] [50] [51]. Physiological experiments 

indicate that these neurons may be responsible for initiating the R1 of SO evoked blinks [19] and the initial 

component of corneal blinks [52] [51]. Neurons in the spinal trigeminal nucleus activated by the SO nerve 

also send projections to the reticular formation [19] [53]. The reticular neurons project to OO motoneurons 

and are responsible for the R2 [19] [53]. The spinal trigeminal nucleus also sends outputs to other brain 

regions that modulate trigeminal reflex blinks. 

 

Spinal Trigeminal Nucleus Projections  

Other outputs from the spinal trigeminal nucleus include projections to the contralateral inferior 

olive[54] [55] [56] [57], ipsilateral cerebellum [54, 56-58] [59] [60] and predominantly the contralateral 

superior colliculus [57, 61]. These brain regions modify the trigeminal blink reflex circuit.  

The mammalian inferior olive (IO) is made up of the principal olive, the dorsal and the medial 

olive. Each olivary subnucleus projects contralaterally to one or more regions in the cerebellar cortex [62] 

[63] [64] [65]. Neurons in the oralis subdivision of the spinal trigeminal nucleus project to the border 

between the dorsal and principal IO, whereas neurons in the interpolaris subdivision project to the rostral-

medial region of the dorsal olive, and neurons in the caudalis subdivision project to the medial part of 
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principal olive [54-56]. These data demonstrate that different regions of the trigeminal nucleus innervate 

different parts of the contralateral inferior olive.  

Somatosensory information from the face reaches the Purkinje cells in cerebellum through mossy 

and climbing fibers. Trigeminal information goes to the cerebellum via mossy fibers from different 

subdivisons within the trigeminal nucleus [54, 57] [56, 66] [67] and the climbing fibers from the inferior 

olive  that receive trigeminal inputs [66] [56] [54] [55] [57].  Trigeminal information conveyed through 

both mossy and climbing fibers are critical for the cerebellum’s role in modulating the trigeminal reflex 

blink circuit. 

Cerebellar interpositus neurons [68] [69] [70] send an excitatory projection to the contralateral red 

nucleus, which sends an excitatory input to OO motoneurons on the same side of the brain as the IP neurons 

[71, 72]. The cerebellum modulates blinking by altering the depolarization of the ipsilateral lid closing 

orbicularis oculi (OO) motor neurons in the facial nucleus via the red nucleus. The contralateral red nucleus 

also projects to the ipsilateral spinal trigeminal nucleus where it appears to cause inhibition [73](Figure 4).   

The Red Nucleus (RN) receives a major input from cerebellar deep nuclei and links the cerebellum 

to OO motoneurons and the trigeminal complex. The RN is divided into two subnuclei, the parvocellular 

RN (pRN) located in the diencephalon and the magnocellular RN (mRN) in the mesencephalon. There are 

GABAergic and glutamatergic neurons in the pRN. The mRN contains only glutamatergic neurons [72] 

[74]. The neurons in the RN receive inputs from the sensorimotor cortex and the cerebellum and send 

afferents to spinal cord interneurons and motor neurons through the rubrospinal tract [75] [76-79] [80] [81]. 

RN anatomical studies demonstrate that rubrospinal tract fibers terminate in the dorsal horn (laminae V-

VI), [75, 76, 82-86] spinal trigeminal nucleus [84, 87-89] and the facial nucleus [49, 85, 90]. The RN 

exhibits a somatotopic organization, the dorsomedial RN projects to cervical cord and the ventrolateral RN 

projects to lumbosacral spinal segments [91-95]. The RN terminal distribution suggests that rubrospinal 

neurons may modulate the responses of dorsal horn and spinal trigeminal neurons involved in the relay of 
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information to rostral levels of the nervous system.  RN microstimulation inhibits neurons in the oralis 

subdivision of the trigeminal subnucleus [73] and neurons in the dorsal horn [96] . These data show that 

the RN inhibitory input to the trigeminal nucleus could influence the trigeminal blink reflex.  

In addition to cerebellar and RN modulation of trigeminal reflex blinks, the superior colliculus also 

modifies reflex blinking. The superior colliculus (SC) is a layered structure in the mammalian brain serving 

sensorimotor integration. The superficial layers (1-3) are related to visual functions [97] [98]. Deeper layers 

of the superior colliculus receive inputs from the spinal cord, brainstem and cortical areas.  

 

Blink Plasticity (Excitability) 

Studies show that spinal trigeminal neurons primarily project to the deeper layers of the lateral SC 

[61] [57]. The SC appears to use this trigeminal information to modulate the excitability of trigeminal reflex 

blinks. The paired stimulus paradigm is a form of blink reflex modulation that estimates trigeminal reflex 

blink excitability.  Presenting two identical SO stimuli with a short interstimulus interval normally evokes 

a response to the second stimulus (test) that is smaller than the response to the first stimulus (condition) 

(Figure 5) [2, 99, 100] [101] [20]. The second response is smaller because trigeminal blink circuits 

transiently reduce their trigeminal sensitivity following a blink.   The fact that every blink creates trigeminal 

stimuli that could initiate a reflex blink necessitates this momentary reduction.  Briefly reducing trigeminal 

sensitivity after each blink will prevent spasms of trigeminal reflex blinks. There is a three neuron circuit 

involving the SC [102] [103] [104] that can modulate trigeminal reflex blink excitability. With each reflex 

blink, neurons in the trigeminal complex send an excitatory input to SC neurons.  The activated SC neurons 

excite neurons in the Nucleus Raphe Magnus (NRM) that increase inhibition of spinal trigeminal blink 

circuits through a serotonergic input [104]. In response to a pair of SO stimuli with a short interstimulus 

interval, this circuit ensures that the second SO stimulus will be less effective than the first because of NRM 

inhibition. In PD patients [100, 105] [106] and rodent models of PD (Figure 5) [20] [2], the trigeminal 
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reflex blink circuit becomes hyperexcitable. When presenting pairs of identical stimuli to the SO nerve, the 

response to the second stimulus is as large as or larger than the response to the first stimulus in PD patients. 

The basal ganglia affect trigeminal reflex blink excitability through an inhibitory input to the SC from the 

substantia nigra pars reticulata (SNr). The loss of dopamine in PD increases SNr activity and this increased 

inhibitory output decreases the activity of SC neurons in response to trigeminal input. The loss of SC 

excitatory drive on NRM neurons removes some of the inhibition to spinal trigeminal nucleus, leading to 

reflex blink hyperexcitability [102] [20, 104].  

 

Blink Plasticity (High Frequency Stimulation) 

The gain of the trigeminal reflex blink circuit can undergo long lasting changes by an appropriately 

timed train of stimuli to the SO nerve. Mao and Evinger (2001) presented high frequency stimulation (HFS) 

of the SO relative to the R2 component to produce associative modification in trigeminal reflex blinks in 

humans. Depending on the timing of when HFS was presented relative to R2 response, HFS could depress, 

potentiate or have no effect on the trigeminal blink reflex. Mao and Evinger (2001) showed that a series of 

400 Hz SO stimuli occurring immediately before the R2 response (HFS-B) reduced the amplitude of 

subsequent SO-evoked blinks. Delivering HFS during the R2 (HFS-D) potentiated subsequent blinks SO-

evoked blinks and applying the HFS after the R2 (HFS-A) didn’t alter the response of subsequent SO-

evoked blinks (Figure 6). HFS of the SO modified trigeminal reflex blink amplitude for at least one hour 

[107]. These changes developed unilaterally in the trigeminal blink circuits. For example, when HFS was 

delivered to the left SO, a subsequent blink-evoking stimulus to the left SO elicited modified blinks in both 

eyelids.  Stimulation of the right SO that did not receive HFS, however, evoked normal blinks in both 

eyelids.  These HFS induced modifications in trigeminal reflex blink amplitude were gain changes because 

the blink evoking stimulus was the same before and after the HFS paradigm while blink amplitude 

underwent modification.   
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HFS training modified trigeminal reflex blink gain in rats the same way as occurred in humans. 

Ryan et al., (2014) investigated the effects of HFS-B on the R1 response of the blink reflex. The rats that 

underwent HFS-B treatment exhibited decreased R1 amplitude relative to pre-HFS R1 values in the first 

hour after training,  (Figure 7). As with humans, HFS-A did not affect subsequent blink amplitude [108] 

[107].  

 

Gain Modification Involving the Cerebellum 

Ryan et al (2014) investigated whether the cerebellum participated in reflex blink gain 

modifications during HFS-B training. The cerebellum is critical in delay eyelid conditioning in which a 

subject learns that an innocuous conditioned stimulus predicts the occurrence of a blink evoking 

unconditioned stimulus [109] [110-112].  Ryan et al (2014) tested whether using HFS-B as the 

unconditioned stimulus in delay eyelid conditioning affected eyelid conditioning, HFS-induced blink 

depression, or both. If eyelid conditioning that increases blink amplitude and HFS-B training that depresses 

blink amplitude share neural circuits, then there should be occlusion of both types of learning. Eight rats 

underwent delay eyelid conditioning in which the HFS-B stimulus co-terminated with a tone.  The tone 

served as the conditioned stimulus and the HFS-B served as the unconditioned stimulus. The rats were 

divided based on whether they achieved more than 70% CRs in twelve days of training, conditioning. The 

rats that did not achieve 70% CRs over 12 days of training did not show conditioning.  These rats showed 

overall depression in blink amplitude; however, this blink depression was significantly less than the blink 

depression created by HFS-B training alone. In contrast, rats that achieved over 70% CRs showed an 

insignificant reduction in blink amplitude with HFS, but developed eyelid conditioning much more slowly 

than rats in a typical eyelid conditioning paradigm.  Despite both groups receiving HFS-B stimulation, there 

was a smaller than normal reduction in blink gain with poorly conditioned rats and no change in blink gain 
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with better-conditioned rats [108].  This result indicated that HFS gain adaptation and delay eyelid 

conditioning shared similar circuits, most likely in the cerebellum.  

 There is abundant evidence that the cerebellum is critical for delay eyelid conditioning and is also 

essential for gain changes of the trigeminal blink reflex and other motor systems.  Cerebellar interpositus 

nucleus lesions prevent delay eyelid conditioning and block expression of previously acquired eyelid 

conditioning [109] [110] [111, 112]. IP neuron discharge patterns are appropriate to support delay eyelid 

conditioning and gain changes of blink reflexes [113, 114].  An example of the role of the cerebellum in 

gain changes in other systems is that a lesion of the vestibulocerebellum prevents gain adaptation of the 

vestibuo-ocular reflex [115, 116]. Similarly, damage to the vermis or fastigial nucleus disrupts saccadic 

gain adaptation [117] [118] and neurons in these regions modify their discharge properties appropriately to 

account for these gain changes. Finally, lesions of the cerebellar cortex prevent trigeminal reflex blink gain 

increases [119]. Thus, the cerebellum is critical in gain modification.  

 

Cerebellar Interpositus Nucleus in Blink Modulation 

The IP works with the trigeminal blink circuit to regulate blink gain. The cerebellum modulates 

blinking by its effect on the lid closing OO motor neurons in the facial nucleus. IP neurons send an 

excitatory projection to the contralateral RN that sends an excitatory input to OO motoneurons on the same 

side of the brain as the IP neurons[71, 72].  Spinal trigeminal sensory information is conveyed to the 

cerebellar cortex and the interpositus nucleus via mossy fibers and climbing fibers from the inferior olive 

[54] [55] [56, 57]. A specific group of IP neurons, named Pause neurons, are tonically active neurons that 

transiently cease firing slightly before the end of trigeminal reflex blink OOemg activity. The tonic activity 

of the IP neurons sets a baseline for OO motoneuron depolarization to increase or decrease blink amplitude 

and the transient pause in activity helps regulate blink duration.  In anesthetized rats, restraint of the eyelid 

leads to an increase in blink reflex gain.  In this paradigm, pause neurons exhibit an increase in tonic activity 
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and a delay in the transient pause preceding blink termination [113].  This pattern of activity supports the 

increased amplitude and longer duration reflex blinks necessary to increase blink gain.  These changes in 

IP activity appear to be responsible for the increased reflex blink gain and may be responsible for the gain 

changes induced by HFS-B training.  

 

c-Fos Neuronal Activation 

Based on previous research on the HFS-B paradigm and the cerebellar modulation of the trigeminal 

blink circuit, I wanted to identify neurons activated in the HFS-B modification of the trigeminal circuit. I 

utilized c-Fos immunohistochemistry to assess neuronal activation of the spinal trigeminal nucleus, inferior 

olive and the red nucleus.  c-Fos is cellular proto-oncogene belonging to the immediate early gene family 

of transcription factors [120] [121].  Using immunohistochemical techniques, the protein can be detected 

in a neuron’s nucleus following neuronal activation [121] [120] [122] [123] [124]. c-Fos protein is rapidly, 

but transiently induced in both excitatory and inhibitory neurons in response to a variety of noxious and 

non-noxious stimuli, growth factors and second messenger signaling [124] [125, 126] [127] [128] [129]. In 

vitro experiments indicate that c-Fos activation is rapid and transient. In cell culture, gene expression starts 

within a few minutes of cell stimulation and returns to baseline within two hours even with persistent 

stimulation. Other investigators suggest that the pattern of c-Fos expression in the intact animal might be 

slower than in in vitro [130] [131] [132] [133]. Noxious stimuli induce c-FOS like immunoreactivity that 

appears rapidly following the onset of the stimulus and remains 16-24 hours [125] [124]. Using a high 

intensity electrical stimulation with stimulus durations ranging from 3 seconds to 24 hours to activate 

nociceptors without damaging the spinal cord in rats shows that stimulus duration has a profound effect 

upon cell activation [134]. For example, a short stimulus lasting 3 seconds induces a small number of c-Fos 

cells, whereas a longer stimulus at the same current lasting for 20 minutes induces more cells than the 3 

second stimulus. A stimulus duration of 4.5 hours produces the maximum c-Fos induction and stimulus 
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durations ranging from 6.5 to 24 hours produces fewer cells than the 4.5 hr stimulus. These results indicate 

that c-Fos activation may be affected by the duration of the exciting stimulus [134]. Another study shows 

that c-Fos expression is higher in rats receiving a noxious stimulus compared to those receiving a non- 

noxious stimulus. Rats in this study underwent severe spinal contusion at the 8th thoracic spinal level. c-Fos 

activation was observed below the injury site in response to either noxious electrical, chemical (formalin) 

or non-noxious stimulation (brushing). The dorsal horn cells below injury site that received noxious 

stimulus (electrical or chemical) had more c-Fos labeled cells compared to the non- noxious stimulus [135]. 

Another study demonstrated electrical stimulation of the SO nerve in rats followed by c-Fos 

immunohistochemistry was used to identify the distribution of activated neurons in the spinal trigeminal 

nucleus and C1 cervical spinal cord. In this study rats that received stimulation of SO nerve exhibited a 

higher number of neurons expressing c-Fos in the ipsilateral spinal trigeminal nucleus. The SO stimulated 

rats also exhibited bilateral c-Fos activation in the caudalis region of the spinal trigeminal nucleus [136]. In 

summary c-Fos expression is an indicator of neuronal activity for both innocuous and noxious stimuli.  
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Fig. 1. Mammalian blinking (Evinger et al., 2010) [137]. Upper eyelid position (Pos) lowering during a 

blink results from a transient relaxation of the Levator Palpebrae (LP) followed by a phasic activation of 

the Orbicularis Oculi (OO) muscle. Raising the eyelid occurs as the LP resumes its tonic activity following 

the completion of the OO activity. Gold indicates LP activity and blue OO activity. (Bottom) A drawing 

showing the OO (upper) and LP (lower) muscles. 
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Fig. 2. (Evinger et al., 2010) [137]Examples of a reflex blink evoked by stimulation of the supraorbital 

branch of the trigeminal nerve (▲SO) for a human and a guinea pig. OOemg, orbicularis oculi 

electromyographic activity; Pos, upper lid position; R1, 1st OOemg response; R2, 2nd OOemg response; SO, 

supraorbital nerve stimulus 
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Fig. 3. Adapted from Trigeminal Neuralgia [138] Three divisions of the trigeminal nerve, Ophthalmic, 

Maxillary and Mandibular branch innervating the face and forehead. The supraorbital nerve arises from the 

frontal nerve of the ophthalmic branch. 
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Fig. 4. Circuit diagram of the cerebellum and the spinal trigeminal nucleus connections involved in 

trigeminal reflex blinks. 
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Fig. 5. Kaminer et al., 2015, Kaminer et al., 2014[139] [2]. Response to paired stimulation of the 

supraorbital branch (▲SO) of the trigeminal nerve in normal and 6-OHDA lesioned rats. The R2 response 

to the 2nd SO stimulus is larger than the response to the 1st SO stimulus in the 6-OHDA rat. EMG data are 

rectified and averaged. Abbreviations: 6-OHDA, 6-Hydroxydopamine; OOemg, orbicularis oculi 

electromyographic activity; R1, 1st OOemg response; R2, 2nd OOemg response; SO, supraorbital nerve 

stimulus; 
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Fig. 6. Evinger and Mao, 2001 [107] (Upper) High frequency stimulation of the supraorbital nerve (HFS) 

treatment relative to R2 component in humans, HFS-D (During), HFS-B (Before) and HFS-A (After). 

(Bottom) Stimulated supraorbital nerve (SO) after different HFS treatments. Abbreviations: HFS, High 

Frequency Stimulation OOemg, orbicularis oculi electromyographic activity; R2, 2nd OOemg response.  
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Fig. 7 Ryan et al., 2014 [108] Average short term gain change in R1 blink amplitude following HFS training 

(Post) relative to average pre HFS R1 amplitude (Pre).  *** p < 0.001. Error bars are SEM; Abbreviations: 

HFS-A, High Frequency Stimulation after R2; HFS-B, High Frequency Stimulation before R2 
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Materials and Methods 

 

 

Experiments were performed on nine male Sprague Dawley rats (350-550g) maintained on a 

reversed 12-hour light/dark cycle and fed ad libitum. All experiments received approval by the Stony Brook 

University Institutional Animal Care and Use Committee and complied with all Federal, State and 

University regulations and guidelines regarding the use of animal in research.  

 

Surgery 

Under general anesthesia, ketamine 90mg/kg and xylazine 10mg/kg, rats were prepared for chronic 

recording of the left orbicularis oculi electromyogram (OOemg) and stimulation of the left supraorbital 

branch of the trigeminal nerve (SO) [139] [8, 20, 108]. The SO nerve was exposed and enclosed in a Teflon 

nerve cuff containing a pair of stainless steel wires. A pair of Teflon coated stainless steel wires was 

implanted into the left orbicularis oculi (OO) to record the OOemg. All the wires were led subcutaneously 

to a connector embedded in a dental acrylic platform on the skull. The platform was attached to the skull 

by four stainless steel screws and a silver wire was attached to one of the screws to serve as a ground. To 

relieve any postoperative discomfort, all rats received ketorolac (7mg/kg) twice daily for two days or longer 

if the rats continued to exhibit signs of discomfort.  Depending on postoperative recovery of each rat, rats 

will begin behavioral testing two days after the surgery.   
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Behavioral Testing   

Reflex blinks were monitored as rats moved freely in their home cage in a darkened room during 

their subjective night. OOemg signals were amplified 10,000 and filtered from 0.3-5 kHz. SO stimuli were 

100µs in duration and current intensity was set at the start of each experimental day as the threshold (T) 

current necessary to evoke a R1 blink component reliably. All data were collected at twice the threshold 

current (2T). Rats then received 12 trials of a pair 2T SO stimuli with a 100 ms interstimulus interval. The 

intertrial interval for the 12 trials varied pseudorandomly over the range of 20 ± 5 ms. Rats underwent 

three days of testing with 12 trials of pairs of SO stimuli. 

On the fourth day, rats were assigned to a paradigm developed for humans [107] and modified for 

rodents [108] to decrease blink gain (n=4; Fig. 8B) or a control condition (n=5, Fig. 8C).  To decrease reflex 

blink gain, rats received a 2T SO stimulus to evoke a reflex blink followed by a 400 Hz 2T SO stimulus 

train that began with the R1 response and terminated before the R2 component of the blink (HFS-B). For 

the control condition, rats received a single 2T SO stimulus (No-HFS).  Each rat received 5 blocks of trials: 

(1) 20 trials of a pair of 2T SO stimuli with a 100 ms ISI (Pre-HFS); (2) 60 trials of 2T HFS (HFS) or 60 

trials of a single 2T SO stimulus (No-HFS) treatment; (3) 20 trials of a pair of 2T SO stimuli with a 100 ms 

ISI immediately after HFS/No-HFS (T0); (4) 20 trials of a pair of 2T SO stimuli with a 100 ms ISI 30 min 

after the end of HFS/No-HFS treatment; and (5) 20 trials of a pair of 2T SO stimuli with a 100 ms ISI 60 

min after the termination of HFS/No-HFS trials (Fig 8D) All trials were delivered with a pseudorandom 20 

± 5 ms intertrial interval. Immediately after the T60 trials, the rat was deeply anesthetized with ketamine 

90mg/kg and xylazine 10mg/kg and intracardially perfused with 6% dextran in phosphate buffered saline 

to remove blood followed by 4% paraformaldehyde to fix the brain.  After the perfusion, the rat brain was 

kept in 4% paraformaldehyde in 0.1M phosphate buffer (PB) for 1 hour. The rat brain was then transferred 

into 30% sucrose solution.  
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c-Fos Immunohistochemistry 

After blocking, the brains were frozen and cut into 40μm coronal sections using a freezing 

microtome. Every fourth section was stained for c-Fos. All tissue was reacted free floating in net wells and 

all reactions occurred at room temperature. The tissue was incubated in 3% normal rat serum and 5% normal 

goat serum in 0.3% triton-X in PB phosphate buffer (PBX) for 30 to 60 min. Following three 10 min washes 

in phosphate buffer (PB), the tissue was incubated in primary antibody (Santa Cruz antibody c-Fos 

Polyclonal Rabbit) at a dilution 1:1000 in PBX. After three 10 min washes in PB, the tissue was incubated 

in secondary antibody (Vector biotinylated anti Rabbit made in goat) at a dilution 1:200 in PBX. After 30 

minutes of washing in PB, the tissue was reacted with diaminobenzidene (DAB, 55mg/100ml) in PB for 

five minutes.  Hydrogen peroxide (H2O2) was added to the DAB solution to make a final concentration of 

0.03% H2O2 and the tissue was reacted in this solution for 3-5 minutes. Following six 10 min washes in PB, 

the sections were then mounted on gelatin-coated slides, left to dry overnight, and then dehydrated, cleared 

in xylene and cover slipped.  

 

 

Data Collection and Analysis 

OOemg signals were collected at 4 kHz per channel (DT 2831; Data Translation, Marlboro, MA; 

12-bit analog-to-digital resolution), and stored for later offline analysis on laboratory-developed software. 

The OOemg latency and duration were determined by marking the stimulus artifact produced by the SO 

stimulus and the start and end of the blink. Blink amplitude was determined by integrating the rectified 

OOemg activity of each blink component. To determine if HFS treatment induced a change in reflex blink 

gain, all R1 blink amplitudes were normalized to the median R1 blink amplitude collected in the pre HFS 
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data block. Because Ryan et al (2014) demonstrated that there was no difference in blink amplitude in the 

T0, T30, and T60 blocks, post HFS R1 amplitude was averaged over all three post treatment blocks and 

normalized to the median pre HFS blink amplitude. The normalized mean pre HFS was subtracted from the 

normalized mean post blink amplitude. The change in blink amplitude following HFS was a gain change 

because the blink-evoking stimulus did not change throughout the experiment[108] . 

Blink excitability was quantified by dividing the blink amplitude evoked by the second SO (test) 

by the blink amplitude evoked by the first SO (condition) for every trial.  For each rat, pre HFS excitability 

was the median of blink excitability for all pre HFS trials.  Post HFS excitability was the median of blink 

excitability for all T0, T30, and T60 trials for that rat. 

c-Fos cell counting  

The outlines of the spinal trigeminal nucleus, inferior olive and red nucleus were drawn using a 

camera lucida at a magnification of 25X and the location of c-Fos labeled cells were marked on the 

drawings. Each region of interest was identified using Paxinos and Watson rat brain atlas [140]. The 

drawings were then scanned and cells were counted using Image J (https://imagej.nih.gov). Cell density 

was calculated by dividing the total number of cells by the total area for each region. The area of each 

region was estimated by weighing a cutout of the region of interest. The weights were converted to cm2 by 

using ImageJ to determine the relationship between paper weight and scanned area.  

Statistical tests of significance (p < 0.05) were performed with SPSS software using an 

independent-samples t test and ANOVA. Data are presented as the mean ± SEM. 
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Fig 8. Treatment Paradigm (A) Supraorbital branch of trigeminal nerve (SO)-evoked blink with R1 and R2 

components. (B) High Frequency Stimulation (HFS) presented before R2. (C) No-HFS. (D) Experimental 

paradigm. ▲SO, supraorbital nerve stimulus.     
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Results 

 

The occurrence of c-Fos labeled neurons within the trigeminal nucleus was the initial focus of the research.  

To orient the reader to the location of the trigeminal complex and its subdivisions, Fig. 9 shows a horizontal 

section of the brainstem showing the trigeminal complex. Moving caudal to rostral, the regions of interest 

are C1 of the spinal cord, the caudalis subdivision, the interpolaris subdivision, the oralis subdivision of the 

spinal trigeminal nucleus and the principalis nucleus of the trigeminal. Because the primary terminations 

of the SO nerve in trigeminal occur caudal to the nucleus principalis [19, 31-35], cell counting focused on 

the region from -10 to -18 mm caudal to bregma.   

 

c-Fos Neuronal Activation within Spinal Trigeminal Nucleus for HFS and No-HFS Rats 

c-Fos labeled cell density was quantified along the length of the spinal trigeminal nucleus. Figure 

10 shows the average density of c-Fos labeled cells in 640μm segments (3 sections) of the spinal trigeminal 

nucleus for the rats in the HFS group. For the trigeminal nucleus that received an input from the stimulated 

SO, (ipsilateral), c-Fos labeling appeared to differ along the length of the spinal trigeminal nucleus. Moving 

caudal to rostral, the highest density of labeled cells occurred at the posterior pole of the spinal trigeminal 

nucleus, approximately -17.3 mm caudal to bregma [140] . The minimum density of neurons occurred at -

16 mm caudal to bregma, followed by a steady increase in the density of c-Fos labeled neurons moving 

forward to the rostral end of the spinal trigeminal nucleus, approximately -10 mm caudal to bregma (Fig. 

10A).  The pattern of c-Fos labeled neurons in the contralateral spinal trigeminal nucleus appeared similar 

except that the density of labeling decreased in the most rostral portion of the contralateral spinal trigeminal 

nucleus. This difference between the ipsilateral and contralateral sides for HFS rats, however, was not 
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statistically significant.  The average density of labeled c-Fos cells across the entire spinal trigeminal 

nucleus was not significantly different between the spinal trigeminal nucleus receiving SO activation 

(ipsilateral) and the contralateral spinal trigeminal nucleus (F (1)= .155, p>0.05; Figure 10A). The total 

average density in the ipsilateral spinal trigeminal nucleus was 182.4 ± 67.8 cells/mm2 and the contralateral 

spinal trigeminal nucleus was 166.9 ± 70 cells/mm2 (T (6)= -.0.159, p>0.05; Figure 10B).  

For the rats in the No-HFS condition (Figure 11), c-Fos labeling also appeared to differ along the 

length of the ipsilateral side of the spinal trigeminal nucleus. Moving caudal to rostral, the highest density 

of labeled cells occurred at the posterior pole of the spinal trigeminal nucleus, approximately -16.5 mm 

caudal to bregma [140]. The lowest density of neurons occurred at -14 mm caudal to bregma, followed by 

a steady increase in the density of c-Fos labeled neurons moving toward the rostral end of the spinal 

trigeminal nucleus, approximately -10 mm caudal to bregma (Fig. 11A). The contralateral spinal trigeminal 

nucleus appeared to have a similar pattern of c-Fos labeled neurons, except the density of c-Fos labeled 

cells decreased in the most rostral end of the contralateral trigeminal. In the HFS condition, the average 

density of labeled c-Fos cells across the entire spinal trigeminal nucleus was not significantly different 

between the ipsilateral and contralateral trigeminal for No-HFS rats (F (1)= 2.094, p>0.05; Figure 11A).  

The total average density in the ipsilateral spinal trigeminal nucleus was 141.3 ± 26.9 cells/mm2 and 136.9 

± 26.1cells/mm2 in the contralateral spinal trigeminal nucleus (T (8)= -0.117, p>0.05; Figure 11B). Given 

that the termination of the SO nerve is ipsilateral [34] [19, 33] [32] [31] [35], the c-Fos labeled neurons in 

the trigeminal contralateral to the SO stimulus for both the HFS and No HFS conditions appear to result 

from the interconnections between the spinal trigeminal nuclei [141]. 

 To determine whether the HFS and No-HFS paradigms produced different patterns of c-Fos 

labeling within the stimulated spinal trigeminal nucleus, the ipsilateral HFS and No-HFS data were 

compared (Fig. 12).  Going from caudal to rostral, the highest density of labeled cells occurred at the 

posterior pole of the spinal trigeminal nucleus in both the HFS and No-HFS conditions. Both HFS and No-

HFS rats exhibited a steady increase in the density of c-Fos labeled neurons moving toward the rostral end 
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of the spinal trigeminal nucleus, approximately -10 mm caudal to bregma. In contrast, the lowest density 

of c-Fos labeled cells for the HFS rats occurred around -16mm, whereas the lowest density of No-HFS 

labeled neurons occurred at -14mm caudal to bregma. At all but two points in caudal spinal trigeminal 

nucleus, the average density of c-Fos labeled neurons was higher in the HFS condition than in the No-HFS 

condition.  Nevertheless, the average density of labeled c-Fos cells across the entire spinal trigeminal 

nucleus was not significantly different between HFS and No-HFS conditions (F (1)= 14.898, p>0.05;Figure 

12A). The total average density within the entire spinal trigeminal nucleus ipsilateral to SO stimulation was 

182.4 ± 67.8cells/mm2 in the HFS condition and 141.3± 26.9 cells/mm2 in the No-HFS condition (T(7)= 

0.615, p>0.05;Figure 12B).  

 

Density of c-Fos Labeled Cells in Anterior and Posterior SO Termination Regions of HFS and No-HFS 

Rats 

Because there were no significant differences between c-Fos cell density over the entire spinal 

trigeminal nucleus for the HFS and NO HFS groups, the regions of the trigeminal nucleus that received the 

densest terminations of SO primary afferents were examined. Gong and colleagues (2003) showed that the 

SO termination in the rat had two peaks within the spinal trigeminal nucleus [31].  The site of the largest 

area of SO termination in the anterior of spinal trigeminal nucleus occurred between -10.2 mm and -12 mm 

caudal to bregma, whereas the largest area of SO termination in the posterior region of the spinal trigeminal 

nucleus was between -13.3 and -15.5 caudal to bregma (Fig. 12A). The density of c-Fos labeled cells in 

anterior and posterior SO termination regions of HFS and No-HFS rats were compared to determine 

whether there were any differences in c-FOS cell density at the dominant sites of SO termination within the 

spinal trigeminal nucleus.   For the stimulated spinal trigeminal nucleus, rats in the HFS condition exhibited 

a higher average cell density than did rats in the No-HFS condition in anterior termination zone (HFS: 

189.7± 53.1 cells/mm2; No-HFS: 140.2 ± 31.1 cells/mm2). These differences, however, were not 
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statistically significant (T(7)= -0.846, p>0.05; Figure 13A). In the posterior SO termination zone, rats in the 

HFS condition had an average cell density of 167.8± 79.3 cells/mm2 compared to 110.3 ± 33.4 cells/mm2 

for the No-HFS condition. Nevertheless, this difference between HFS and No-HFS labeled cell density in 

the posterior termination region was not significant (T(7)= 0.725, p>0.05). Within the HFS and No-HFS 

conditions, there were no significant differences between the c-Fos cell density in the anterior and posterior 

SO termination regions (HFS anterior vs. HFS posterior (ipsilateral), T(6)= -0.229, p>0.05; No-HFS anterior 

vs. No-HFS posterior (ipsilateral), T(8)= 0.655, p>0.05;Figure 13A) 

Given the absence of a statistical difference between the average labeled cell density of the 

ipsilateral and contralateral trigeminal nuclei in the HFS and No-HFS conditions (Figs. 10B, 11B), it was 

not surprising that the contralateral spinal trigeminal nucleus also did not show significant differences in 

the c-Fos cell density between rats receiving HFS and No-HFS for the either the anterior or posterior regions 

of SO termination (Fig. 13B; HFS vs. No-HFS anterior, (T(7)= 0.408, p>0.05; HFS vs. No-HFS posterior, 

T(7)= 0.416 p>0.05).  Within the HFS and No-HFS conditions, there was also no significant difference 

between average c-Fos cell density in the anterior and posterior segments of the spinal trigeminal nucleus 

(HFS anterior vs. HFS posterior (contralateral), T(6)= -0.214, p>0.05; No-HFS anterior vs. HFS posterior 

(contralateral), T(8)= -0.029, p>0.05;Figure 13B). 

 

 Gain Changes in HFS and No-HFS Rats  

Based on the Ryan study [108], HFS-B modification of the trigeminal reflex blink created large 

gain decrease in the blink circuit. The goal of comparing cell activation in the HFS and No-HFS conditions 

was to create big differences in gain modifications between the two conditions. The density of c-Fos 

labeling in the spinal trigeminal nucleus as a function of the magnitude of gain change was determined 

independent of the HFS and No-HFS conditions. Three rats that received HFS-B treatment showed the 

expected decrease in gain of approximately -0.35 [108], but the 4th rat exhibited a 0.33 increase in gain 
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(Fig.14, ).   Because of this rat, the average gain for the rats in the HFS condition was -0.18 ± 0.20.  In 

the rats that received the No-HFS treatment, four rats showed a smaller decrease in gain than did the HFS 

rats, approximately-0.13, but one rat exhibited a decreased gain like that of HFS treated rats, -0.43 (Fig.14, 

■). Because of this last rat, the mean gain change for the No-HFS rats was –0.19 ± 0.06. Because of an 

extreme value in both of the two conditions, there was no significant difference in the gain change between 

the HFS and No-HFS conditions (T(7)= 0.64, p<0.05;Figure 15). To test the hypothesis that the average 

density of c-Fos labeled cells correlated with gain change rather than treatment condition, rats were 

regrouped into gain decreases more than -0.2 (<-0.2) and smaller gain decreases (>-0.2.). This 

reorganization created two significantly different groups, rats with an average gain change of -0.37 ± 0.06 

(n=4, <-0.2) and rats with an average gain change of -0.04 ± 0.1  (n=5, >-0.2) (T(7)= -2.835, p<0.05; Figure 

15).  

 

c-Fos Cell Density as a Function of Gain Change in the Spinal Trigeminal Nucleus 

Plotting average c-Fos cell density as a function of average gain change for the entire spinal 

trigeminal nucleus (Fig. 16A, ▲), the anterior SO termination zone (Fig. 16B, ●), and the posterior SO 

termination zone (Fig. 16B, ) revealed that increases in the density of c-Fos labeling correlated with greater 

gain change.  For all three measurements, the rat with a gain increase (0.33) showed the lowest c-Fos labeled 

cell density, and the average density of c-Fos cells increased as gain decreases became larger.  Thus, larger 

decreases in blink gain accompanied increases in the density of c-Fos labeled neurons in the spinal 

trigeminal nucleus. 

Plotting the average c-Fos labeled cell density in 640µm bins along the length of the trigeminal as 

a function of gain change revealed that rats with the largest gain decreases, <-0.2, had a higher density of 

c-Fos labeled cells compared to rats with smaller gain changes, >-0.2, (F (1)= 75.976, p<0.001; Figure 17A). 

For rats with larger gain decreases (<-0.2), the highest density of c-Fos labeled cells occurred at the posterior 
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pole of the spinal trigeminal nucleus, approximately -17.8 mm caudal to bregma [140]. The minimum 

density of neurons occurred around -16 mm caudal to bregma, followed by a steady increase in the density 

of c-Fos labeled neurons toward the rostral end of the spinal trigeminal nucleus, approximately -10 mm 

caudal to bregma (Fig. 17A).  The pattern of c-Fos labeled neurons in the rats with smaller gain changes 

(>-0.2) appeared similar except that the lowest density of labeling occurred -14.5 mm caudal to bregma. 

The average cell density of the entire ipsilateral spinal trigeminal nucleus was higher for large gain 

depression rats (<-0.2, 208 ± 57.7 cells/mm2) than the average cell density for small gain change rats (>-

0.2, 120.3 ± 28.3 cells/mm2; (T(7)= 1.470, p >0.185 Fig. 17B). For comparison, the previously described 

averaged cell density data for HFS and No-HFS ipsilateral conditions were also plotted (Figure 17B).  

 

c-Fos Cell Density as a Function of Gain Change in the Anterior and Posterior Termination Zones 

When considered as a function of gain, there were significant differences between the low and high 

gain animals in the regions of SO termination within the trigeminal.  The rats with larger gain decreases (<-

0.2) exhibited a higher average density of c-Fos labeled cells at all levels compared to rats with smaller 

gain changes (>-0.2) in the anterior spinal trigeminal nucleus termination zone (F (1)= 358.954, p<0.001; 

Figure 18A). The rats with largest gain decreases (<-0.2) showed a higher c-FOS cell density 209.9 ± 

42.8cells/mm2 than rats with smaller gain changes (>-0.2) 123 ± 31.8 cells/mm2 in the anterior SO 

termination region (T(7)= 1.649, p=0.14; Figure 18B). Similarly, rats with larger gain decreases (<-0.2) 

exhibited a higher density of c-FOS labeled cells compared to rats with gain changes (>-0.2) in the posterior 

SO termination zone (F (1)= 297.197, p<0.001; Figure 19A). The rats with largest mean gain decreases 

showed a significant increase in c-FOS cell density 200.4 ±69.5cells/mm2 compared to rats with smaller 

gain changes, 84.2 ± 29.3 cells/mm2 in the posterior SO termination zone (T(7)= 1.672, p=0.14; Figure 

19B). Overall, the average c-Fos labeled cell density in the anterior SO termination zone, posterior SO 
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termination zone, and the entire spinal trigeminal nucleus followed a trend such that larger gain decreases 

accompanied higher c-FOS cell density (Figures 18, 19). 

 

c-Fos Neuronal Activation in the Inferior Olive 

Inferior olive activity is a key factor in eyelid conditioning and gain modification [142] [143] [144].  

Neurons in the spinal trigeminal nucleus receiving SO stimulation innervate neurons in the contralateral IO 

(Fig. 4).  Rats with larger gain decreases (<-0.2) had a higher density of c-Fos labeled cells in contralateral 

IO (42.5 ± 15.6 cells/mm2) compared to rats with smaller gain changes (>-0.2; 16.8 ± 5.4 cells/mm2), (T(7)= 

-1.702, p=0.13; Figure 20B). Plotting average c-Fos labeled neuron density as a function of condition, HFS 

vs. No HFS showed the same pattern as when separated by gain change (T(7)= -1.225, p>0.05; Figure 20B). 

In the ipsilateral IO rats with larger gain decreases (<-0.2) exhibited a higher density of c-Fos labeled cells 

(44.2 ± 16.2 cells/mm2) compared to rats with smaller gain changes (>-0.2; 24.0 ± 11.1cells/mm2; Figure 

20A) although this difference was not significant (T(7)= -1.061, p > 0.05).  Comparing average c-Fos labeled 

cell density based on HFS and No-HFS condition showed a similar result (T(7)= -0.540, p> 0.05; Figure 

20A. Although not statistically significant, the overall the average cell density (mm2) as a function of gain 

change for the contralateral IO showed a strong trend toward an increased number of IO neurons predicting 

a larger gain change.  

 

c-Fos Neuronal Activation in the Red Nucleus 

The average cell density (mm2) of c-FOS labeled cells within the ipsilateral and contralateral red 

nuclei also exhibited the pattern of higher cell density being associated with larger gain decreases. For the 

contralateral red nucleus, rats with larger gain decreases (<-0.2) had significantly more c-Fos activated cells 

(128.2 ± 30.6 cells/mm2) compared to rats with smaller gain changes (>-0.2; 21.2 ± 8.5 cells/mm2; (T(3)= -
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5.775, p<0.05; Figure 21A). Based on gain changes (>-0.2 and -<0.2), the RN ipsilateral to the SO stimulus 

showed a significantly higher density of c-Fos activated cells (112.9 ± 17.7 cells/mm2) with larger gain 

decreases (<-0.2) when compared to rats with smaller gain changes (>-0.2; 40.7 ± 23.3 cells/mm2; (T(4)= -

2.239, p<0.05; Figure 21B). Although the averages were similar when the data were separated based on 

condition, HFS vs. No-HFS, this difference was not significant (T(4)= -0.589, p> 0.05; Figure 21B). 

Because c-Fos cell density data for two rats for the red nucleus contralateral to the SO stimulus were lost, 

the same rats were in the HFS and the >-0.2 groups, data were only plotted based on gain change (Fig. 

21A).  

 

c-Fos labeled Cell Density as a Function of Change in Excitability  

Modifications in blink reflex excitability accompanied changes in blink reflex gain (Fig.22).  With 

larger decreases in blink reflex gain, there was a significant increase in the excitability of reflex blinks 

measured by the ratio of the amplitude of the 2nd blink divided by the amplitude of the 1st blink in the paired 

stimulus paradigm between the pre and post blocks regardless of condition (n=9, r=-.713, p <0.05; Fig. 22).  

This relationship indicated that c-Fos labeled cell density in spinal trigeminal nucleus might predict changes 

in blink reflex excitability pre and post.  There was a significant correlation between the c-Fos labeled cell 

density over the entire spinal trigeminal nucleus and increased reflex blink excitability from pre to post 

blocks regardless of treatment condition (n=9, r =.823, p <0.05; Fig. 23). The density of c-Fos labeled cells 

in the anterior (Fig. 24A) and posterior (Fig. 24B) SO termination zones also predicted the change in reflex 

blink excitability from pre to post blocks.  These correlations were significant for the anterior (n=9, r =.708, 

p <0.05;Fig. 24A) termination zone, and significant for the posterior termination zone (n=9, r =0.801, p 

<0.05;Fig. 24B). Overall these data showed that increases c-Fos labeled cell density in the spinal trigeminal 

nucleus predicted increased changes in reflex blink excitability following HFS or No-HFS treatment. 
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Summary of c-Fos Cell Density in the Trigeminal Blink Reflex Circuit 

When rats were separated by large or small gain changes, the spinal trigeminal nucleus, inferior olive and 

the red nucleus demonstrated a strong and similar trend. The higher c-Fos cell density, the larger the gain 

change in each region (Fig.25). The spinal trigeminal nucleus sends excitatory input to the contralateral 

inferior olive. The average c-Fos cell density in the contralateral inferior olive was higher for rats with a 

large gain decrease than rats with a small gain decrease. The neurons in the inferior olive send excitatory 

projections to the cerebellar cortex and the interpositus nucleus in the cerebellum. The interpositus nucleus 

projects to the contralateral red nucleus. The average cell density in the contralateral red nucleus was higher 

in rats with large gain change than rats with small gain change. Overall the spinal trigeminal nucleus, 

inferior olive and red nucleus c-Fos cell density followed a similar trend, higher c-Fos cell density the larger 

the gain decreases. 
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Fig. 9. Horizontal section (DV: 8.82mm) of a rat brain taken from Paxinos Atlas [140] showing the spinal 

trigeminal complex and cervical one of the spinal cord and stereotaxic coordinates relative to bregma 

Abbreviations: C1, cervical 1; Princ, Principal spinal trigeminal nucleus; Vc, caudalis subdivision of spinal 

trigeminal nucleus; Vi, interpolaris subdivision of spinal trigeminal nucleus; Vo, oralis subdivision of spinal 

trigeminal nucleus;  
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Fig. 10. Density of c-Fos labeled cells within the spinal trigeminal nucleus of rats receiving HFS. (A) 

Average cell density/mm2 in c-Fos neurons in 640 µm bins along the length of the spinal trigeminal nucleus 

for the stimulated trigeminal (HFS (ipsilateral)) and unstimulated side (HFS (contralateral)). (B) Average 

cell density of c-Fos neurons within the entire spinal trigeminal nucleus for the stimulated trigeminal (HFS 

(ipsilateral)) and unstimulated trigeminal (HFS (contralateral)). Error bars are SEM.  
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Fig. 11. c-Fos labeled cells within the spinal trigeminal nucleus of rats receiving No-HFS treatment. (A) 

Average cell density/mm2 in c-Fos neurons in 640 µm bins along the length of the spinal trigeminal nucleus 

for the stimulated trigeminal (No-HFS (ipsilateral)) and unstimulated side (No-HFS (contralateral)).  (B) 

Average cell density of c-Fos neurons for the spinal trigeminal nucleus for the stimulated (No-HFS 

(ipsilateral)) and unstimulated sides (No-HFS (contralateral)). Error bars are SEM.  
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Fig. 12. Comparison of c-Fos density for rats receiving HFS or No-HFS stimulation. (A) Average cell 

density/mm2 of c-Fos neurons in 640 µm bins along the length of the spinal trigeminal nucleus for rats in 

the HFS paradigm (HFS (ipsilateral) or No-HFS paradigm (No-HFS (ipsilateral). Black trace shows the 

area of supraorbital nerve termination µm2  based on Gong et al., 2003 [31]. (B) Average cell density/mm2 

of c-Fos neurons for the spinal trigeminal nucleus for rats receiving HFS (HFS (ipsilateral)) and No-HFS 

(No-HFS (ipsilateral)). Error bars are SEM. 
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Fig. 13. Average c-Fos labeled cell density/mm2 in the anterior (Ant) and posterior (Post) termination zones 

of the supraorbital nerve within the spinal trigeminal nucleus for rats receiving HFS and No-HFS. (A) 

Average cell density in the spinal trigeminal nucleus receiving stimulation. (B) Average cell density for the 

unstimulated spinal trigeminal nucleus. Error bars are SEM.  
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Fig. 14. Gain changes with HFS and No-HFS treatment. Each point is an individual rat. 
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Fig. 15. Average gain change by condition (No-HFS and HFS) and average gain change for the same rats 

sorted by magnitude of gain change <-0.2 and >-0.2 independent of treatment condition. *p<0.05. Error 

bars are SEM.  
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Fig. 16. Average c-Fos labeled cell density in the spinal trigeminal nucleus as a function of mean gain 

change for the (A) entire spinal trigeminal nucleus, (B) anterior supraorbital termination zone (●) and 

posterior supraorbital termination zone ( ).Error bars are SEM  
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Fig. 17. Average c-Fos labeled cell density throughout the spinal trigeminal nucleus. (A) Average cell 

density/mm2 of c-Fos neurons in 640 µm bins along the length of the spinal trigeminal nucleus for rats with 

gain changes < -0.2 (black line) and gain changes >-0.2 (gray line). (B) Average cell density for the entire 

spinal trigeminal nucleus with gain changes (>-0.2 and <-0.2) and condition (HFS and No-HFS). *** p < 

0.001. Error bars are SEM.  
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Fig. 18. Average c-Fos cell density in the anterior supraorbital nerve termination zone. (A) Average cell 

density/mm2 of c-Fos neurons in 640 µm bins through the anterior SO termination zone for rats with gain 

changes < -0.2 (black line) and gain changes >-0.2 (gray line). (B) Average cell density for the anterior 

supraorbital termination zone with gain changes (>-0.2 and <-0.2) and condition (HFS and No-HFS).  *** 

p < 0.001. Error bars are SEM. 
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Fig. 19. Average c-Fos cell density in the posterior supraorbital nerve termination zone. (A) Average cell 

density/mm2 of c-Fos neurons in 640 µm bins through the posterior SO termination zone for rats with gain 

changes < -0.2 (black line) and gain changes >-0.2 (gray line). (B) Average cell density for the posterior 

supraorbital termination zone with gain changes (>-0.2 and <-0.2) and condition (HFS and No-HFS).  *** 

p < 0.001. Error bars are SEM. 

 

 

<-0.2 

>-0.2 

No-HFS 

HFS 

Ipsilateral 

 *** 



 

46 

 

 

 

 

 

 

Fig. 20 Average c-Fos labeled cell density/mm2 in the inferior olive based on gain changes (<-0.2 and >-

0.2) and condition (HFS and No-HFS) for the IO contralateral (A) and ipsilateral (B) to supraorbital 

stimulation. Error bars are SEM. 
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Fig. 21 Average c-Fos labeled cell density/mm2 in the red nucleus with gain changes (<-0.2 and >-0.2) and 

condition (HFS and No-HFS) for the red nucleus contralateral  (A) to the supraorbital stimulus and gain 

change plotted for red nucleus ipsilateral (B) to the supraorbital nerve stimulation. *p <0.05. Error bars are 

SEM.  
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Fig. 22. Change in the excitability of the trigeminal reflex blinks from Pre to Post as a function of gain 

change in the entire spinal trigeminal nucleus for each rat. 
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Fig. 23. Change in the excitability of the trigeminal reflex blinks from Pre to Post as a function of average 

c-Fos labeled cell density/mm2 in the entire spinal trigeminal nucleus. Each point is an individual rat. 
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Fig. 24. Change in the excitability of the trigeminal reflex blinks from Pre to Post as a function of average 

c-Fos labeled cell density/mm2 in (A) the anterior termination zone of the supraorbital nerve and (B) the 

posterior SO termination zone).  Each point is an individual rat. 
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Fig. 25. Summary of Circuit diagram of the cerebellum and the spinal trigeminal nucleus connections 

involved in trigeminal reflex blinks during Gain Changes 
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Discussion 

 

My experiments utilized the blink system to investigate neuronal activation with either HFS-B or 

a single supraorbital nerve stimulus. The goal of these experiments was to determine the distribution of 

neurons activated by HFS training that decreased the gain of the trigeminal reflex blink in addition to those 

activated by SO stimulation alone.  

 

c-Fos Immunohistochemistry: Advantages and Disadvantages 

c-Fos immunohistochemistry is the technique used to determine neuronal activation in these 

experiments. The immediate early gene c-Fos is a marker used to measure changes in gene expression cause 

by neuronal activation [130] [131] [132] [133, 145] [146] There are advantages and disadvantages to using 

c-Fos as a neuronal activity marker. One advantage is that c-Fos immunohistochemistry allows the 

identification and comparison of neuronal cell activation in different brain regions. Like most things, c-Fos 

has its limits.  The first limit of c-Fos expression is it may be turned on by a wide variety of signaling 

pathways. The different signaling pathways can be activated by environmental cues or even stress that may 

activate more c-Fos cells in the region of interest. For example, c-Fos expression alone cannot provide 

much information about the signaling pathways involved. Next c-Fos expression does not indicate whether 

the activation of a neuron is due to direct or indirect effects.  The stimulation paradigm used in our lab is 

designed to stimulate the SO nerve specifically. It is possible, however, that stimulation of the SO nerve 

may activate brain regions other than the trigeminal blink reflex circuit. This may lead to indirect neuronal 

activation of other pathways that may send an input to any brain region within the trigeminal blink reflex 

circuit. This possibility may influence the number of labeled cells observed in the trigeminal reflex blink 
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circuit. Lastly, even though c-Fos can mark inhibitory neurons, it is most useful in measuring activation 

rather than inhibition[123] [145] [147]. Therefore in future experiments, it is critical to double label to mark 

inhibitory neurons. This approach may help to determine whether HFS-B increases the activity of inhibitory 

neurons. Despite the limitations of c-Fos, it is a commonly used method of assessing neuronal activation. 

By using c-Fos immunohistochemistry, it is possible to look at different populations of activated neurons 

in the HFS and No-HFS conditions. The c-Fos immunohistochemistry technique also allows comparison 

of the quantity of labeled c-Fos cells as function of gain change.  

 

Gain Changes in Spinal Trigeminal 

Based on previous data, HFS modulation of the trigeminal blink reflex caused gain changes [108] 

[139] [107]. In this study, rats with a large gain change demonstrated a higher density of c-Fos cell 

activation than rats with smaller gain changes (Fig 16-19). However, in Figure 15 both the HFS and No-

HFS conditions have extreme value outliers.  These extreme values provide insight about gain changes for 

two reasons. The first reason is, if supraorbital nerve damage occurred during surgery this may contribute 

to the extreme values in the HFS and No-HFS conditions. Assuming that I damaged the nerve, this could 

affect or disrupt nerve function. Trigeminal nerve damage usually produced an excitability increase from 

pre to post damage [148]. After analyzing the excitability data for each rat (Fig 22), the No- HFS rat with 

extreme gain change (-0.43) exhibited an excitability increase. The HFS rat with an extreme gain change 

(0.33) did not show an excitability increase.  Secondly, the HFS or No-HFS extreme values may influence 

the number of c-Fos cells in the ipsilateral and contralateral trigeminal.  The one No-HFS rat that showed 

more c-Fos labeled cells activated with a large gain decrease may have influenced the average cell density 

in the No-HFS condition. Therefore the No-HFS and HFS condition may not demonstrate any significant 

difference in the number of c-Fos labeled cells in average cell density data. 
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c-Fos Neuronal Activation in the Anterior and Posterior Spinal Trigeminal Nucleus 

The quantity of c-Fos labeled cells in the anterior and posterior SO termination zones [19] [31] 

within the spinal trigeminal nucleus was analyzed as a function of gain change because neurons in the 

different subnuclei of the spinal trigeminal nucleus may have different roles. Neurons located in the anterior 

subdivision in rat project directly to orbicularis oculi motoneurons [49] [48, 50] [19, 51]. Damaging the 

anterior region impaired cornea-evoked blinks in humans [149].  Cornea evoked blink is an involuntary 

closure of the eyelids elicited by electrical or mechanical stimulation of the cornea. Unlike the blink reflex 

evoked by SO stimulation, corneal stimulation evoked only one OO response [51] [104] [105] [21]. The 

latencies for these responses are similar to the latencies for R2 component in SO stimulation [51, 150] [21] 

[20] . There are several lines of evidence that demonstrated the corneal afferent fibers terminate in the 

anterior and posterior SO termination regions of the spinal trigeminal nucleus [32, 151] [33] [152]. 

Physiological data indicated that corneal evoked blinks might activate posterior inhibition of anterior 

trigeminal blink reflex neurons [153-155] [156]. Therefore damage to posterior trigeminal region can alter 

the corneal blink reflex. Damaging the posterior SO termination zone in guinea pig trigeminal complex 

eliminated the R2 response [19]. The contribution of inhibitory neurons in the anterior or posterior 

terminations zones of the SO to the SO evoked reflex blink circuit is unknown. Based on previous data on 

the corneal evoked blink on the neurons in anterior and posterior trigeminal termination zones, it is possible 

that the neurons in anterior and posterior may be contributing to the overall depression within circuit. The 

current gain change data suggest that the neurons in the anterior and posterior end of the trigeminal maybe 

driving the depression produced by the HFS-B paradigm. The anterior neurons initiated the orbicularis oculi 

motoneurons discharge for SO evoked blinks [19] and corneal reflex blinks [51], whereas stimulation of 

neurons in the posterior termination zone suppressed the corneal reflex blink [153]. The current data showed 

that rats with a large gain change exhibited more cells in both the anterior and posterior regions of the spinal 

trigeminal nucleus (Figs. 18, 19). Comparing the c-Fos labeled cell density in the anterior to the posterior 

spinal trigeminal nucleus for rats with large gain decreases, the anterior and posterior region exhibited a 
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similar density of labeled c-Fos cells. Based on the gain change results, it is possible that both regions may 

be contributing equally to the depression in the trigeminal reflex blink circuit. It is unclear from these data 

if the neurons in the anterior and posterior are primarily inhibitory. Nevertheless Avendano [157] 

demonstrated through immunocytochemical and stereological analysis that approximately one-third of cells 

in the caudalis subdivision of the spinal trigeminal nucleus are inhibitory. This group also showed that one-

third of cells in the interpolaris subdivision are inhibitory. Based on this evidence, maybe a small population 

of inhibitory neurons in the caudalis and interpolaris may be sufficient to drive the depression in the spinal 

trigeminal nucleus.   In contrast to the gain change data that was previously mentioned, the HFS and No-

HFS conditions did not demonstrate any significance difference in c-Fos activated cells (Figs. 18, 19). The 

small number of animals in this study may explain this lack of significance and be applicable to all of the 

statistics, not only the HFS and No-HFS condition data.  Perhaps the spinal trigeminal nucleus and IO data 

would be significant if more animals were in the study. Although the small number of rats may influence 

the data, there are other possible explanations that may impact the number of c-Fos cells activated in the 

IO and RN data.  

 

c-Fos Neuronal Activation in the Inferior Olive 

 One possibility that may influence the neurons in the IO is that the IO receives many inputs other 

than the trigeminal. The inferior olive receives inputs from the contralateral spinal trigeminal nucleus [54-

56]. The immunohistochemical findings in this study indicate that when rats receive either HFS-training or 

No-HFS, the quantity of c-Fos cells activated in the inferior olive shows no significant difference between 

the two conditions. Because there are multiple inputs to the IO, the data may show no significant difference 

in the c-Fos labeled cells. These other inputs to IO may influence the number of c-Fos cells activated in the 

IO during the HFS and No-HFS conditions. For example, an anatomical experiment in cats demonstrate 

some neurons in the dorsal column and pretectum project to the IO [158]. The pretectum receives sensory 
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information from retinal ganglions cells in both eyes. Bull et al (1990) explain that the projections from the 

dorsal column and pretectum predominantly terminate in the dorsal inferior olive [158].  It’s unknown if 

the neurons that project from these regions to the IO target the same neurons as spinal trigeminal nucleus. 

There is no direct evidence in the current study to show that the pretectum and dorsal column nuclei are 

active during HFS/No-HFS treatment. The stimulation paradigm in this study stimulates the SO branch of 

the trigeminal nerve. This sends an excitatory input to the neurons in IO. Neurons in the inferior olive are 

electrically coupled by gap junctions [159] [160] [161] [162] [163] [164] [165]. The distribution and 

properties of gap junction have been studied intently [159] [160] [161] [162] [163] [164] [165]. The IO 

neurons could couple to neighboring neurons at different synaptic strengths. This coupling mediates the 

synchrony of neurons in the IO [159] [160] [161] [162] [163] [164] [165]. It is possible for crosstalk to 

occur among neurons in the IO.  If during the HFS or No-HFS treatment there is crosstalk among neurons 

this can trigger activating or inactivating nearby neurons. This crosstalk among neurons could potentially 

affect neuronal activation during HFS or No-HFS condition. The spinal trigeminal nucleus sends most of 

its projections to the dorsal inferior olive [56, 166] [55] [54]. Another possibility is if overlapping occurs, 

then some of the same neurons in the dorsal IO receive input from the spinal trigeminal nucleus, pretectum 

and dorsal column. This is a possibility if HFS or No-HFS treatment also activates the pretectum and dorsal 

column nuclei. Another possibility that may occur in the IO data is the influence of the cerebellar cortex. 

The projection from the spinal trigeminal nucleus to IO is a major input to the cerebellum that plays a 

pivotal role in motor learning [144, 167-169] [170]. The magnocellular red nucleus projects directly to 

motoneurons and interneurons in the spinal cord, whereas the parvocellular red nucleus projects to the IO 

[171]. The effect of c-Fos neuronal activation within this brain region during motor learning may lie within 

this feedback loop. The mechanism of exactly how and what is happening during HFS or No-HFS treatment 

is unclear. If the neurons in the spinal trigeminal nucleus are projecting to same population of neurons in 

the IO that are receiving GABAergic input from the cerebellar nuclei, then IO activation may show no 

significant difference.  
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c- Fos Neuronal Activation in the Red Nucleus 

 The last region examined was the red nucleus during HFS and No-HFS stimulation. c-Fos labeled 

cells in the red nucleus were quantified because the contralateral red nucleus receives input from the 

ipsilateral interpositus neurons in the cerebellum and the red nucleus is the relay center for the sensorimotor 

cortex and the cerebellum [114, 172, 173] [174] [175]. The data demonstrated that rats with large gain 

changes showed significantly more c-Fos neuronal activation than rats with small gain changes in the 

contralateral red nucleus.  More data is needed to conclude if other regions may affect the c-Fos activated 

cells within the contralateral RN. Nevertheless, it was shown that every major cortical area projects to the 

red nucleus and brain stem in the monkey [94] [176]. The present red nucleus data followed a similar trend 

as the spinal trigeminal nucleus and IO data for HFS and No-HFS conditions; the larger the gain changes 

the more c-Fos labeled cells. When HFS or any stimulation occurs, the trigeminal reflex circuit is being 

activated, but it is possible other brain regions may become activated and this may influence my data 

because the brain is interconnected. Based on previous data on trigeminal excitability [20] [99] and the 

current gain change data, c-Fos labeled neurons in the entire, anterior and posterior spinal trigeminal 

nucleus increase with the change in excitability. The trigeminal system becomes more excitable as the 

change in excitability from pre to post amplitude increases. The gain change showed a significant 

correlation with the change in excitability.  

 Overall, these experiments have provided significant implications for our understanding about 

neuronal activation in the trigeminal blink reflex during HFS modification. The HFS or No-HFS training 

did not affect the number of cells activated in the different regions of the trigeminal blink reflex circuit. 

The critical component was the gain change. These data suggested that the more suppressed the blink 

circuit, the more cells in the trigeminal become activated regardless of the condition. This is important when 
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we consider other regions in the brain sending inputs and outputs during these modifications and how the 

spinal trigeminal nucleus may be driving the inhibition in the trigeminal reflex blink. 

 

Future experiments 

In my study I focused on c-Fos activation in spinal trigeminal nucleus, inferior olive and red 

nucleus. It would be important to determine if the c-Fos cells activated in the regions previously mentioned 

along with cerebellum are inhibitory. To conduct these experiments, double labeling with c-Fos and 

GAD67/GlyT2 mRNA probes are crucial.  

In PD blink modification is disrupted. Therefore c-Fos activation within trigeminal reflex circuit 

during HFS modification may provide insight about how neuronal expression is affected in a pathological 

state. The next set of experiments is, to compare c-Fos activation in spinal trigeminal nucleus, inferior 

olive, red nucleus and cerebellum of normal rats to 6-OHDA rat model of PD. These experiments will allow 

us to compare how active the neurons in interpositus are during HFS learning and single SO stimulation. 

 

Labeling Inhibitory Neurons in Trigeminal Reflex Blink Circuit 

The first experiment would be to utilize the doubling staining technique. A fluorescent in situ 

hybridization with GAD mRNA and GlyT2 probes combine with fluorescent in situ hybridization for c-

Fos. A previous study showed that most of the inhibitory neurons in the sensory trigeminal might be both 

GABAergic and glycinergic [157]. First, the authors classified immunoreactive (ir) cells for GABA or 

glycine within the three subnuclei using GAD67 and GlyT2 probes. The results showed that neurons within 

spinal trigeminal nucleus coexpress GABA and glycine. Secondly one-third of neurons in caudalis region 

of the spinal trigeminal nucleus exhibited the most immunoreactive cells for both GABA and glycine 

followed by the interpolaris region. Nevertheless, Glutamic acid decarboxylase (GAD) is an enzyme that 
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synthesizes GABA that plays an important role in the nervous system. There are two forms of GAD, 

GAD65 and GAD67, each encoded by a different gene [177-180]. The two isoforms suggest that they may 

have different functional roles in the central nervous system. Previous studies showed that GAD65 and 

GAD67 are present in the same population of GABA neurons but differed in the quantity [177, 181-183]. 

GAD65 localized predominantly in the axon terminals, whereas GAD67 is found in the cell bodies[184]. 

GAD67 would be best in these experiments because labeling the cell bodies may inform us about the 

localization  

of the cells present in the trigeminal blink circuit. On the other hand, the glycine transporter, GlyT2 is a 

specific and reliable marker for glycine immunoreactive neurons [185] [186] [187]. The first goal is to 

utilize the doubling staining technique using, GAD67 mRNA and GlyT2 with c-Fos staining for the spinal 

trigeminal nucleus, inferior olive, red nucleus and cerebellum. These experiments will help us to compare 

and identify GABA cells during HFS learning and single SO stimulation. Secondly, we can compare and 

quantify the amount of cells in ipsilateral and contralateral side of each brain region. Next we can utilize c-

Fos neuronal activation as a function of gain change, to determine if more cells or less are activated with a 

larger gain change.  

 

c-Fos Neuronal Activation in Rat Model of PD 

 The next experiment will include a 6-OHDA lesion rat model of PD. It was previously 

demonstrated that 6-OHDA lesion rats have impaired learning when undergoing the HFS-B paradigm 

[139]. Applying the HFS-B to rats and then double staining with c-Fos and GAD67 in the spinal trigeminal 

nucleus, inferior olive, red nucleus and cerebellum may provide insight about the impaired learning in these 

rats. It will also provide an understanding about how neuronal activity may be affected in each brain region 

due to the lack of dopamine. We can compare the percentage of labeled cells on ipsilateral and contralateral 
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side of unilateral 6-OHDA lesion rats. We can then compare neuronal activation during motor learning in 

normal rats and 6-OHDA lesion rats.  

 

Recording from Right and Left Orbicularis Oculi 

Lastly, in the present study I stimulated the left supraorbital nerve and recorded from the left 

orbicularis. In the above experiments stimulating the left supraorbital nerve and recording from the right 

and left orbicularis oculi may inform us how active is the side of the brain that is receiving stimulation 

compared to unstimulated side. Because in a previous study by Mao and Evinger, (2001) showed first, 

activating the SO that received HFS-B training produced a reduction in gain blinks in both the left and right 

eyelids. Secondly, activating the SO that did not receive HFS-B produced normal gain blinks in the left and 

right eyelids [107]. In summary these experiments may further elucidate our understanding about the 

trigeminal reflex blink circuit in normal and PD states.  
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