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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 The Fastigial Nucleus 

1.1.1 Anatomy ofthe Fastigial Nucleus ofthe Cerebellum 

Traditionally, the primary role ofthe cerebellum is considered to be modulation 

of gross motor movement and posture. More recent experimental evidence indicates that 

the cerebellum also influences visceral function. The purpose of this study is to expand 

the understanding ofthe influence ofthe cerebellum upon reflex responses to 

cardiovascular and respiratory challenges. 

The cerebellum is composed of three parts: the cerebellar cortex; the internal 

white matter; and four pairs of deep cerebellar nuclei. From medial to lateral, these 

nuclei are the fastigial (FN), the globose, the emboliform, and the dentate (Fig. 1.1) (1). 

The FN appears to be the primary source of output influencing visceral function. 

The experiments supporting an influence ofthe FN on visceral function to be 

described below have primarily involved direct stimulation or lesion ofthe FN without 

examination ofthe pathways involved. The pathways for visceral-related information 

have not been studied. Classically-defined tracts that might be expected to transmit 

cardiorespiratory information to the FN include those known to arise from the vestibular 

nuclei, the nucleus tractus solitarius, a large portion ofthe reticular formation, and the 

inferior olive (2-8). Efferent tracts from the FN reciprocally innervate these same areas 

(2, 3). 
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Figure 1.1. Sagittal section of cerebellum and brainstem cut slightly lateral from midlme 
showing organization ofthe cerebellum and location ofthe FN (modified from Kandel, 
2000). 

1.2 Anatomy ofthe Olivocerebellar Tract 
to the Fastigial Nucleus 

One ofthe major pathways to the FN for somatic information is a portion ofthe 

olivocerebellar tract (OCT) that originates in the inferior olive and, more specifically, the 

medial accessory olive (MA0)(9). This, then, is a possible pathway for cardiorespiratory 

information to travel to the FN. This suggestion is supported by the observation by 

Nisimaru et al. (10) that stimulation ofthe MAO altered the activity ofthe renal 

sympathetic nerves. Further, they showed that stimulation ofthe afferent branches ofthe 

aortic and vagal nerves evoked field potentials in the cerebellar cortex (11). Saint-Cyr 

and Courville showed that the inferior olive also receives input from the reticular 

formation (12), which is well known to play a role in autonomic regulation. The cell 



bodies of origin in the inferior olive are the climbing fibers, which innervate Purkmje 

cells (13) (Fig. 1.2). The Purkinje cells tiien innervate the FN (14) and have an inhibitory 

influence (5). Collaterals ofthe climbing fibers also innervate the FN (6), however, 

unlike Purkinje cells, these climbing fiber collaterals are excitatory to FN neurons (5). 
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Figure 1.2. Diagram ofthe olivocerebellar tract to the fastigial nucleus (modified from 
Kandel, 2000). 

Llinas was one ofthe first to define this pathway in his experiments using the 

drug harmaline as an agent to stimulate the inferior olive. He found that when the 

inferior olive is activated, neurons in the FN change their firing pattern by developing 

characteristic complex rather than single spikes (15). Later, Benedetti reversibly 



inactivated the inferior olive and found that neurons in the FN decreased their firing 

frequency, showing that the inferior olive exerts a tonic excitatory influence on the FN 

(4). 

1.3 Influences ofthe Fastigial Nucleus on the Regulation of 
Cardiovascular and Respiratory Function 

1.3.1 Cardiovascular Influences 

In 1939, Moruzzi reported on a series of experiments that led hhn to suggest that 

the cerebellum, "....affects not only the somatic nervous activity, but also the autonomic 

nervous system" (16). Although weak Faradic stimulation ofthe vermal region ofthe 

cerebellar cortex did not alter normal blood pressure, it significantly decreased arterial 

pressure that had been elevated by common carotid artery occlusion (16). This finding 

suggested that the cerebellum does not have a tonic influence on the cardiovascular 

system, but does modulate baroreceptor responses under conditions involving pressor 

responses. Although the intra-cerebellar pathways were not well defined at the time 

Moruzzi did this study, his stimulation ofthe vermal region ofthe cerebellar cortex 

activated Purkinje cells, which, as described above, have an inhibitory- effect on the FN 

neurons that they innervate. Thus, the depressor effect that he observed could have 

resulted from the inhibition of a stimulatory influence from the FN on brainstem centers 

responsible for the pressor responses. 

Unfortunately, there was almost no follow-up to Moruzzi's observations until the 

late 1960s, when several studies showed that electrical stimulation ofthe FN led to the 

expression of sham rage and a stimulus-locked pressor response (17-22). The 



mechanisms known to produce short-term pressor responses include sympathetically-

mediated increases in heart rate, cardiac contractility and peripheral vasoconstriction and 

inhibition of parasympathetic output to the heart. In the longer term, activation ofthe 

renin-angiotensin system and increased secretion of vasopressin also contribute to a 

pressor response. Experiments involving electrical stimulation of or lesions in the FN 

have confirmed that the FN can influence each of these mechanisms. 

In a series of studies, Miura and Reis (18), Doba and Reis (23) and Achari and 

Downman (20) showed that electrical stimulation ofthe FN produced increases in heart 

rate, cardiac contractility and peripheral resistance, and that these responses could be 

blocked by transection of sympathetic ganglia or administration of adrenergic blocking 

drugs. Subsequently, del Bo et al. in Reis's lab showed that FN stimulation increased 

plasma levels of catecholamines (29) and vasopressin (28). and Koyama et al. reported 

that stimulation ofthe FN increased the secretion of renin (27). Chen et al. (26) 

confirmed the previous suggestion by Achari and Downman (20) that stimulation ofthe 

FN leads to inhibition of parasympathetic (vagal) output to the heart, and that this is 

probably a tonic influence. 

The possible significance ofthe findings from experiments using FN stimulation 

was largely ignored because these investigators also found that removal ofthe FN did not 

lead to a decrease in resting blood pressure, although this should have been predicted 

from Moruzzi's study in which cerebellar stimulation only altered an induced pressor 

response (16). The studies by Dormer et al. (21) were the first to show that FN lesions 

could inhibit a pressor response to a physiological stimulus. They found that the pressor 



response to treadmill exercise in trained beagles was reduced by such lesions. 

Subsequently, Koyama et al. (27). Huang et al. (30), and Doba and Reis (31) reported that 

FN lesions impaired or delayed the recovery of blood pressure after hypotension induced 

by tilt. Other reports out of Lutherer's laboratory showed that the recovery of blood 

pressure from hypotension induced by hemorrhage (32), administration of endotoxin (32) 

or bolus infusion of nitroprusside (33) was markedly impaired after acute lesions ofthe 

FN. Lesions produced reductions in the activation ofthe renin-angiotensin system and 

the normal increase in vasopression secretion during hemorrhagic hypotension (27, 34). 

Koyama et al. (27) also found that activation ofthe renin-angiotensin system during 

head-up tilt was reduced after FN lesions, and Sved confirmed the impairment ofthe 

vasopressin secretory response during hemorrhage (34). 

Chen et al. (26) also found that FN lesions altered both limbs ofthe baroreceptor 

reflex arc, confirming the suggestions for an FN influence on baroreceptor responses 

made earlier by Moruzzi (16), Doba and Reis (23) and del Bo et al. (28, 29). After acute 

lesions, the increase in heart per unit decrease in arterial pressure (induced by bolus 

infusions of nitroprusside) was markedly reduced, consistent with a decreased 

sympathetic output to the heart. When blood pressure was increased transiently by bolus 

infiisions of phenylephrine, the decrease in heart rate per unit increase in arterial pressure 

was exaggerated, consistent with a reduced inhibition of parasympathetic output to the 

heart. The response to FN stimulation is in itself paradoxical in that the heart rate 

increases as part of and in spite ofthe increase in arterial pressure. This occurs because 

the FN increases sympathetic output to the heart while at the same time inhibiting the 



normal reflex activation ofthe vagus. The normal reflex cardiodeceleration occurs 

immediately when stimulation ofthe FN is stopped. This represents a modifying 

influence on the baroreceptor reflex arc. 

Additional studies showed that these influences ofthe FN involve cell bodies of 

origin in the FN rather than fibers of passage through the FN. Extracellular recordings 

made from neurons within the FN demonstrated changes in firing rate of these neurons in 

direct response to acute, induced changes in mean arterial pressure, confirming that 

afferent information from baroreceptors reaches the FN (35). These studies showed that 

the stimulus to which any neuron responded and the changes in firing rate observed were 

consistent for any single neuron. However, the population of responding neurons was 

very heterogeneous, similar to what had been described by Eccles for somatic input (5). 

Thus, some neurons responded to increases in pressure whereas others responded to 

decreases. Further, some neurons increased their firing rate in response to a change in 

arterial pressure while others showed a decrease. Thus, the network of cells within the 

FN is complex. Therefore, although the net effect ofthe output ofthe FN as 

demonstrated by stimulation and lesion studies is to promote a general pressor response, 

under physiological conditions, afferent input may well result in very discrete outputs 

depending on existing conditions. 

1.3.2 Respiratory Influences 

In his study in 1939. Moruzzi also found that Faradic stimulation ofthe vermal 

cerebellar cortex decreased both the frequency and amplitude of respiratory movements 

in decerebrate cats. Further, such stimulation interrupted the augmented respiration 



induced by common carotid artery occlusion or administration of potassium cyanide (16). 

The next observations related to the cerebellum's influence on the respiratory system 

were done by Lutherer and Williams. They showed that in anesthetized, spontaneously 

breathing animals, low frequency electrical stimulation ofthe FN consistently led to an 

increase in respiratory rate when the stimulation occurred in the same areas that showed a 

pressor response. At higher frequencies of stimulation, there was a biphasic response 

distinguished by an initial period of apnea followed by increased respiratory rate at 

approximately half of the sites tested. They also demonstrated that when the pressor 

response was blocked by phenoxybenzamine, the respiratory response still occurred. 

While the effects on respiratory rate were easily identifiable, the effects on tidal volume 

were mixed (36). 

Because possible effects on tidal volume may have been masked by reflexes that 

had been left intact, a second study was performed to show the respiratory effects of FN 

stimulation in anesthetized, paralyzed, mechanically-ventilated animals. This preparation 

removed the reflex arcs that had been left intact in the previous study in order to 

accurately judge the effects of stimulation on respiration. The investigators recorded 

from the phrenic nerve and showed an increased rate and an increase of tidal neural 

activity, the neural equivalent of respiratory tidal volume. Additional findings revealed 

that stimulation ofthe FN activated output circuitry in the reticular formation (i.e., 

afterdischarge), the central pattern generator and phrenic motor neurons via a 

paucisynaptic pathway to the phrenic motor neurons that bypassed the central pattern 

generator (37). 
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In the recording studies referred to in the previous section, units in the FN were 

found also that responded to respiratory challenges (35). Some units, in fact, responded 

to both cardiovascular and respiratory challenges and some of these also responded to 

somatic stimuli (35), suggesting that the FN can serve an integrative role. Further 

support for the cardiorespiratory influences arising from cells within the FN was provided 

by the demonstration by Xu and Frazier that the respiratory responses could not be 

elicited by electrical stimulation after microinjection of kainate (38). Additionally, 

studies using magnetic resonance imaging have shown an increase in activity ofthe FN 

during exposure to hypoxia and hypercapnia (39). 

Williams et al. also found that acute lesions ofthe fastigial nucleus caused a 

decrease in spontaneous ventilation due to an increase in interbreath interval (40). 

Although there was no immediate change, the ventilation became significantly depressed 

five hours after the lesion, leading to the progressive changes in blood gases expected 

with hypoventilation. This suggested that the FN lesions not only removed a faciliatory 

influence on respiration, but also impaired the reflex chemoreceptor responses, similar to 

the effect that had been demonstrated for the baroreflex. This was supported by the 

observation of Lutherer et al. that the ventilatory response to progressive hypercapnia 

was reduced by half after acute FN lesions (41). This was confirmed by the studies of 

Frazier and Xu, who also examined the role ofthe cerebellum and the FN in responses to 

chemical challenges. One experiment showed that ablation ofthe cerebellum or FN 

decreased the change in minute volume during hypoxia by decreasing the change in 

frequency and tidal volume. They concluded that the FN plays an important role in the 



respiratory response to hypoxia, theoretically through an influence on the afferents from 

peripheral chemoreceptors (42, 43, 44). They also found that decerebellation reduced the 

ventilatory response to hypercapnia by decreasing both inspired volume and respiratory 

frequency (45). 

1.4 Harmaline: A Tool for Interruption ofthe 
Olivocerebellar Tract 

Excitation of climbing fiber neurons arising from the inferior olive leads to the 

production of complex spikes by the Purkinje cells (49). As mentioned before, Llinas 

used iboga alkaloid harmaline to excite the inferior olive in his studies defining the OCT 

(15). Harmaline produced sustained, rhythmic activation ofthe inferior olive (15), 

causing repeated burst firing of cerebellar Purkinje cells. Such activation ofthe inferior 

olive led to high-frequency, whole-body tremors that started in the head and neck then 

proceeded to the trunk and limbs and were accompanied by a mild ataxia (15). Recently, 

O'Heam and Molliver performed extensive neuroanatomical studies showing that at 

appropriate dose levels (40 pg/ml), administration of either harmaline or its analogue 

ibogaine led to the death of selected bands of cerebellar Purkinje cells through a trans-

synaptic excitotoxic effect. Further, those Purkinje cells that were killed and the 

collaterals ofthe climbing fibers that innervated them were units that projected to the FN 

(14, 46, 47). Other investigators have shown that these alkaloids are rapidly accumulated 

in the brain, but their concentration of and that of most of their metabolites is reduced by 

fifty percent within twenty-four hours (48). The early tremors were the only 
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physiological response to harmaline they observed in their rats and they reported no 

physiological deficit attributed to the death ofthe Purkinje cells (14, 46,47). 

Harmaline acts by intensely stimulating the inferior olive, causing pronounced 

activation of climbing fibers, in turn leading to a massive glutamate release from the 

climbing fibers. Due to the large number of synaptic contacts between climbing fibers 

and Purkinje cells (Fig. 1.3), over-activation ofthe climbing fibers leads to the 

excitotoxic death of OCT Purkinje cells (47). Under normal circumstances, the climbing 

fibers release glutamate, which activates AMPA receptors on the Purkinje cells leading to 

an influx of sodium, depolarization ofthe cell, and then an influx of calcium through 

voltage-gated calcium chgmnels. The density ofthe climbing fiber/Purkinje cell synapses 

is unique because ofthe extensive number of synaptic connections and, therefore, 

although harmaline may activate other neurons in the central nervous system, this 

activation does not appear to lead to cell death in any other region (14, 46, 47). 

Figure 1.3. Representation of climbing fiber-Purkinje cell synapse. 
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1.5 Hypothesis 

The primary hypothesis of this study was that if baro- and chemoreceptor 

responses are altered by interruption ofthe OCT, then this tract is at least one ofthe 

afferent pathways to the FN for cardiorespiratory information. 

Our initial expectation was that interruption ofthe OCT would cause the baro-

and chemoreceptor reflex responses to change in the same direction as seen after FN 

stimulation. This was based on the hypothesis that interruption ofthe OCT would 

remove the inhibitory influence of OCT Purkinje cells on the FN while leaving intact the 

excitatory influence of climbing fiber collaterals, thereby disinhibiting the output ofthe 

FN. We realized, however, that based on the multiple t\pes of responses obtained from 

FN neurons during cardiovascular and respiratory challenges, this expectation might be 

overly simplistic. This is because the Purkinje cells susceptible to the effects of 

harmaline and collaterals ofthe climbing fibers that innervate them could innervate 

selected subsets of FN cells having either an excitatory or inhibitory output and that the 

physiological response on that vasis could be different from what might be expected 

from the net effect of FN stimulation. 

A second objective of this study was to begin to determine what the long-term 

cardiorespiratory implications are of cerebellar damage. This is of interest because there 

are reports in the clinical literature supporting deficits in cardiovascular and respiratory 

function after acute cerebellar damage (49-51), but none implicating previous cerebellar 

damage as a cause of impaired cardiorespiratory responses. We have not approached this 

question previously because ofthe severe ataxia associated with electrolytic FN lesions. 

12 



Since the ataxia after harmaline is minimal, it provides a usefiil tool to perform smdies of 

the long-term effects of cerebellar lesions. 

In order to test the effect of interruption ofthe OCT on cardiovascular reflex 

responses, we monitored the cardiodeceleration occuring in response to transient 

increases in arterial pressure. In order to test the effect of interruption ofthe OCT on 

respiratory reflex responses, we monitored the changes in ventilation before, during, and 

after exposure to hypoxia and hypercapnia. Additionally, we monitored the 

cardiovascular changes induced by these challenges. 

Initial tests were run one week after administration of harmaline, mirroring the 

protocol of O'Heam and Molliver (14, 46, 47). This permitted histological confirmation 

ofthe death ofthe Purkinje cells and assured that the findings were not attributable to any 

residual acute effects of harmaline. In order to test for persistence in any changes 

observed (chronic effects), several groups were tested for each challenge at intervals 

greater than one week after harmaline pretreatment. 

13 



CHAPTER 2 

GENERAL METHODS 

2.1 .Animals 

Male Sprague-Dawley rats were obtained from Charles River Labs and were 

housed in the Laboratory Animal Resource Center (LARC) in a temperature-controlled 

room (21°C) with a 12-hour light-dark cycle with commercial laboratory chow and water 

available ad libitum. The average weight ofthe animals at the time they were tested was 

490 grams. 

2.2 Harmaline Treatment 

Harmaline pretreatment involved a single intraperitonial (ip) injection of 40 

mg/kg harmaline, the same dose as used by O'Heam and Molliver (14, 46, 47). Because 

ofthe tremors and ataxia, each treated animal was closely observed for approximately six 

hours after the injection, or until such time as the tremors had subsided and the ataxia was 

minimal. Each animal was housed in a single animal cage from the time of treatment 

until surgery. 

Five groups of rats were used for the baroreflex experiment. Group 1 (n=6) 

served as untreated controls. Groups 2 (n=6), 3 (n=5) and 4 (n=5) were pretreated with 

harmaline one, three and six weeks, respectively, before the experiment. Group 5 (n=5) 

was pretreated twice with harmaline, once three weeks and again one week before 

testing. 

14 



The chemoreflex experiment was designed using six groups of rats. Three groups 

received a hypoxic challenge and three groups were made hypercapnic. For each of these 

respiratory challenges, eight animals were pretreated with harmaline one week before the 

experiment, five and six (hypercapnia and hypoxia, respectively) were pretreated with 

harmaline six weeks before the experiment, and eight served as untreated controls. 

2.3 General Surgical Preparation 

The rats were anesthetized with an ip injection of chloralose-urethane (-106 and 

528 mg/kg, respectively). Pain reflexes were monitored throughout the experiment and 

supplemental anesthesia was given in 0.1 ml increments as needed. An endotracheal 

cannula was placed via a tracheostomy to ensure a patent airway. During the chemoreflex 

experiments, the endotracheal cannula was also used to monitor tracheal airflow, and 

administer the various gas mixtures. Cannulae were placed in the femoral artery for 

monitoring arterial pressure and femoral vein for providing supplemental anesthesia. 

Stainless steel needles were inserted subcutaneously and a Lead II ECG recorded. 

Arterial blood pressure was recorded on a Grass Model 7D Polygraph recorder using a 

Gould P32 pressure transducer attached to the femoral artery canula. Body temperature 

was monitored using a rectal thenmister and Yellow Springs Tele-Thermometer and 

maintained between 36.5 and 37.5 by a heat lamp. Testing was not staned until mean 

arterial pressure had stabilized at or above 100 mmHg. 

15 



2.4 Histology 

At the end of each experiment, while the animal was under full anesthesia, a 

thoracotomy was performed, a canula placed in the left ventricle, and the vascular system 

was perfused with heparinized saline followed by 10% formalin. The brain was then 

removed, fixed in buffered formalin, and 5.0 micron slices cut and stained with either 

hemotoxylin and eosin or calbindin (1^ Ab: goat IgG, 2^ Ab: donkey anti-goat IgG; Santa 

Cruz Biotechnologies). Calbindin is a stain specific for Purkinje cells and was therefore 

used to confirm the absence of Purkinje cells after harmaline treatment. 

For staining, paraffin was removed and the tissue re-hydrated by successive 

immersion in xylene and increasing concentrations of alcohol. The tissue then was 

exposed to 1.5 % normal blocking serum in phosphate buffered saline (PBS) for one 

hour. The blocking serum was removed and the tissue covered with 5.0 pg/ml primary 

antibody in normal blocking serum for thirty minutes. Thirty-minute exposures to boitin-

conjugated secondary antibody (1 pg/ml) and avidin biotin enzyme reagent followed. 

The tissue sections were rinsed with PBS between solutions. Next, the tissue was 

covered with peroxidase substrate for five minutes to develop color and then 

counterstained with Gill's hemotoxylin. Finally, the tissue was de-hydrated with alcohol 

and xylene and covered with cover slips. 
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CHAPTER 3 

BAROREFLEX STUDY 

3.1 Specific Methods 

After each animal was surgically prepared and allowed to stabilize, phenylephrine 

(PE) was administered in order to produce transient, isovolemic increases in mean arterial 

pressure (28). Three doses of PE (2, 6, and 20 pg/kg) administered by bolus infiision of 

0.1 ml in random order were used in order to produce three different levels of increase in 

blood pressure. Each dose was administered at least twice to each rat and conparisons 

made on the basis ofthe total number of trials run at each dose for any treatment group. 

Instantaneous heart rate was measured using the R-R intervals prior to 

administration of each dose of PE and at the peak arterial pressure after PE. The 

instantaneous heart rate was averaged over three beats that occurred at the peak of the 

respiratory wave superimposed on the blood pressure recording and when no arrhythmias 

were present. Data were analyzed using a standard assessment ofthe baroreflex arc 

sensitivity, namely the ratio ofthe change in heart rate per unit change in mean arterial 

pressure (AHR/AMAP). Statistical analysis was performed using a Wilcoxon t-test ofthe 

AHR/AMAP ratio for untreated and treated animals at each dose of PE and results were 

considered significant when P<0.05. Arrhythmias were analyzed for rate of occurence 

(presence or absence for any trial), type and severity. Severity for any trial was graded 

according to the following scale: 0: no arrythmia, 1: occasional P-R interval prolongation, 

2: multiple P-R interval prolongations, 3: AV block with escape beats. P-R inter\'al 
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prolongation was considered to be present when the interval clearly exceeded thirty 

milliseconds. Statistical analysis of differences in arrhythmia severity and frequency was 

performed using Fisher's Exact Test and the Mann-Whitney U-Statistic. Differences 

were considered significant when P<0.05. 

3.2 Results 

3.2.1 One-Week Harmaline Pretreatment 

Treatment with harmaline produced tremors and ataxia in all animals as described 

previously. The tremors began approximately 3-5 minutes after administration of 

harmaline, and lasted for approximately 5-6 hours. During that time, the tremors 

worsened during voluntary movement. Many animals exhibited a behavioral adaptation 

by pressing themselves against the side ofthe cage and limiting voluntary movement. 

The animals were observed closely during this period. All tremors had subsided before 

the rats were returned to the LARC, and the mild ataxia present at that time was no longer 

evident by the next morning. 

Examination of histological sections from several ofthe brains of animals treated 

one week previously with harmaline indicated bands of missing Purkinje cells in the 

vermal and paravermal regions corresponding with those described by O'Heam and 

Molliver (14, 46, 47). The mean changes in blood pressure, heart rate and AHR/AMAP 

induced by each dose of PE in each treatment group are shown in Figures 3.1 and 3.2. 

There was no effect of harmaline pretreatment on the baseline blood pressure or heart 

rate, or the increase in blood pressure induced by PE. However, the absolute decrease in 

heart rate, and hence the reflex cardiodeceleration per unit increase in mean arterial 
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pressure for one-week animals were significantiy greater than that of imtreated controls at 

file middle and high doses of PE (P<0.05) (Fig. 3.2 & 3.3). The incidence of arrhythmias 

during the pressure increase after PE in harmaline-pretreated animals was more than 

double that of control animals at the middle and high doses of PE. The type of 

arrhythmia was also significantly more severe in animals with a disrupted OCT than in 

control animals at the middle and high doses of PE (Table 3.1). Arrhythmias usually 

appeared immediately after the peak pressure increase and intermittently for up to thirty 

seconds afterwards. Figure 3.4 shows segments ofthe traces for ECG and arterial 

pressure before and during the peak response to 20 pg/kg PE in a rat pretreated one week 

earlier with harmaline. Although sinus prolongation and AV blocks seen with other trials 

are not present on this record, there are numerous junctional beats and some premature 

ventricular contractions. 
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Figure 3.1. Change in mean arterial pressure in response to transient increases 
in mean arterial pressure induced by bolus iv administration of phenylephrine. 
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Table 3.1. Arrhythmias during reflex cardiodeceleration in response to transient 
increases in mean arterial pressure induced by PE in untreated control animals 
and animals pretreated with harmaline 1, 3, 6, or 3 and 1 week before testing. 

Dose of PE (pg/kg) 2̂ 0 6̂ 0 20.0 

Occurrence rate:" 

Untreated controls 

Harmaline (1 week) 

Harmaline (3 week) 

Harmaline (6 week) 

Harmaline (3 and 1 week) 

1/10 

2/12 

0/18 

0/13 

3/16 

0/10 

6/12^ 

2/18 

0/14 

3/16 

5/10 

11/12' 

7/18 

8/15 

13/15 

Arrhythmia activity/number of trials:' 

Untreated controls 

Harmaline (1 week) 

Harmaline (3 week) 

Ftarmaline (6 week) 

Harmaline (3 and 1 week) 

1/10 

2/12 

0/18 

0/13 

5/16 

0/10 

8/12 

4/18 

0/14 

5/16 

11/10 

29/12^ 

17/18 

11/15 

36/15^'^ 

a Occurrence rate indicates the occurrence ofany arrhythmia during any trial. Arrythmia 
activity was graded as 0: no arrythmia, 1: occasional sinus prolongation, 2: multiple 
prolongations, 3: AV block with escape beats. 

b Significantly different from untreated controls (p<0.05) using Fisher's Exact Test. 

c p>0.056 

d Significantly different from 3 week pretreatment group. 
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3.2.2 Three-Week Harmaline Pretreatment 

When tested three weeks after pretreatment with harmaline, the reflex 

cardiodeceleration per unit increase in mean arterial pressure was no longer different than 

that of untreated control animals (Fig. 3.3). There was also no difference from untreated 

animals in the number or severity of arrhytiimias (Table 3.1). 

3.2.3 Six-Week Harmaline Pretreatment 

Six weeks after pretreatment with harmalme, the AHR/AMAP tendend to be less 

than that of control animals at all PE doses (Fig. 3.3). However, it was sigruficantly less 

only at the lowest dose of PE (P<0.05). The incidence and severity of arrhythmias was no 

different than that of control animals (Table 3.1). 

3.2.4 Double Harmaline Pretreatment 

At the lowest dose of PE, the rise in MAP was greater (P<0.05) in the animals 

treated twice than in the control animals (34+4 vs. 21+3 mmHg). However, there was no 

difference between AHR/AMAP of twice-treated animals and that of untreated control 

animals at any dose of PE (-0.52+0.17 vs. -0.69+0.19, -0.80+0.25 vs. -0.75+0.22, and 

-1.31+0.10 vs. -1.08+0.14 at 2, 6, and 20 pg/kg of PE, respectively). There was also no 

difference in the incidence and severity of arrhythmias, except at the highest dose of PE 

(Table 3.1). 
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3.3 Discussion 

The results of this study support the hypothesis that the olivocerebellar tract 

carries cardiovascular information to the fastigial nucleus. However, the direction of 

change ofthe reflex cardiodeceleratory response one week after harmaline pretreatment 

was opposite that of our initial supposition that interruption ofthe OCT would mimic the 

net changes seen after FN stimulation. Instead, the net changes were shnilar to those 

seen after FN lesion (Fig. 3.5). Recording studies (35) demonstrated that different cells in 

the FN respond to different types of pressure changes. Although stimulation and lesion 

studies suggest that the net output ofthe FM is stimulatory to the sympathetic nervous 

system (SNS) and inhibitory to the parasympathetic nervous system (PNS), some units in 

the total population of neurons in the FN may have an inhibitory output to the SNS. This 

is suggested by the fact that some units respond to a change in mean arterial pressure in 

one direction with an increase in firing rate while other units change in the other dhection 

with a decrease in firing rate. Thus, Purkinje cells killed by harmaline may innervate a 

specific subpopulation of FN neurons which is inhibitory to the SNS or stimulatory to the 

PNS. The now unopposed stimulatory influence of climbing fiber collaterals upon FN 

neurons should be considered as a potential explanation for the direction of change. 

Because FN output modifies the activity ofthe inferior olive (52), an altered influence on 

the inferior olive through this pathway must also be considered. 
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Figure 3.5. Representations of expected and actual results of baroreceptor study. 
Alterations caused by interruption ofthe OCT are depicted in red. 
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The fact that the effect seen after one week is no longer present three weeks after 

treatment initially suggested that the plasticity ofthe cerebellum was able to compensate 

for initial damage. However, we are clearly dealing with complex changes since a 

secondary change in the opposite direction appears to be present six weeks after 

interruption ofthe OCT. This reversal could be due to the recovery of damaged Purkinje 

cells over time, cerebellar plasticity, or the strengthening of altemative afferent pathways 

to the FN for cardiovascular information. In support ofthe plasticity hypothesis, Rossi 

found that climbing fibers are able to reirmervate Purkinje cells (53). Conversely, 

pathways have been identified from the nucleus tractus solitarius, the vestibular nucleus, 

and the reticular formation to the FN (4-8). These pathways may normally carry 

cardiovascular information to the FN, but only in a supportive role to the OCT. One or 

more of these pathways may have increased its role in carrying cardiovascular 

information to the FN in the weeks following the interruption ofthe OCT. 

We initially considered the possibihty that the disappearance of changes in the 

reflex cardiodeceleratory response after three weeks could have been explained by the 

fact that some Purkinje cells in the OCT were damaged by a single dose of harmaline, but 

had recovered by three weeks after harmaline administration. The damaged state of these 

cells would have made them non-functional and resistant to calbindin staining, thus only 

appearing to be absent after one week. Therefore, we tested a group that was given two 

doses of harmaline. The similarity ofthe reflex responses seen in this group to those seen 

in the group tested three weeks after harmaline pretreatment indicates that the maximum 
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number of Purkinje cells was killed by a single dose and no fiirther damage was done by 

the second dose. 
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CHAPTER 4 

CHEMOREFLEX STUDY 

4.1 Specific Methods 

A t-tube was attached to the end ofthe tracheal tube to create a flow-by gas 

delivery system for the various gas mixtures. The flow rate was selected mitially such 

that minor changes in flow produced no changes in respiration and the same flow rate 

was used for the delivery of all gases. The animals were exposed to room air before and 

after the exposure to the experimental gas mixtures. Hypoxic hypoxia was induced by 

exposure to a gas mixture achieved by mixing 100% nitrogen with room ah at equivalent 

flow rates. Five percent CO2 was administered in 95% O2 in order to induce hypercapnia 

and eliminate any influence ofthe peripheral oxygen sensors. 

Respiratory measurements were acquired from the tracing of tracheal air flow 

recorded from a differential pressure transducer connected by a PE tube inserted into the 

tracheal tube. Respiratory rate was calculated from the interval between successive 

points of peak inspired flow. Inspired flow was attained from the area ofthe inspired 

curve (A=l/2bh). Minute volume was calculated by multiplying the respiratory rate by 

the inspired flow. 

The experiments were started after a period of stabilization post-surgery. 

Measurements were made for a 15-minute control period, a 60-minute period of hypoxia 

or hypercapnia, and a 30-minute recovery period. Baseline was determined by averaging 

the measurements taken at 15, 10, 5, and 0 minutes immediately before the onset of 

exposure to the altered gas mixtures. During the experimental period, measurements 
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were taken at 5 minute intervals. Each harmaline group was compared to the untreated 

control group using a two-way analysis of variance for repeated measures. 

4.2 Results of Hypoxia Trials 

4.2.1 One-Week Harmaline Pretreatment 

During hypoxia, minute volume rose in control animals (Fig. 4.1) due to the three

fold increase above baseline of inspired volume (Fig. 4.2). There was no change from 

baseline in respiratory rate of untreated animals (Fig. 4.3). In contrast, the increase in 

minute volume during hypoxia in treated animals was three times greater than that of 

control animals (P<0.05) because the respiratory rate of treated animals during hypoxia 

was significantly elevated over that of controls (P<0.05) (Fig. 4.3). The increase in 

inspired volume, however, was the same for both groups (Fig. 4.2). 

Hypoxia caused a significant (P<0.05) decrease in the mean arterial pressure of 

control animals, with an immediate return to baseline upon resumption of normoxia (Fig. 

4.4). Heart rate also decreased, but not significantiy (Fig. 4.5). Reference to Figure 10 

suggests that the mean arterial pressure of treated animals immediately fell to lower 

levels than that of control animals with the onset of hypoxia. However, the difference 

was not significant (P=0.19) (Fig. 4.4). Heart rate showed no difference between groups 

(Fig. 4.5). 
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4.2.2 Six-Week Harmalme Pretreatment 

During hypoxia, the minute volume of animals pretreated with harmaline six 

weeks before rose significantly more than that of both control animals (P<0.001) and 

one-week animals (P<0.05) (Fig. 4.1). The respiratory rate and insphed volume of six-

week animals during hypoxia were significantly greater than those of control animals 

(P<0.05) (Fig. 4.2 & 4.3), while only the inspired volume was significantly greater than 

that of one-week animals (P<0.05) (Fig. 4.2). 

The initial fall (0-15 min) of mean arterial pressure of six-week animals was 

significantly greater than that of control animals (P<0.05). Although it would appear in 

Figure 4.4 that the mean arterial pressure of 6-week animals was maintained below that 

of either control or 1-week aiumals, no significant difference could be demonstrated. The 

heart rate of six-week animals also tended to fall fiirther than that of control and one-

week animals, but not significantly so (Fig. 4.5). 

4.3 Results of Hypercapnia Trials 

4.3.1 One-Week Harmaline Pretreatment 

During hypercapnia, the minute ventilation of control animals rose significantly 

(P<0.05) after the onset of hypercapnia, and remained elevated during the recovery 

period (Fig. 4.6). This increase was due to an increase in inspired volume during 

hypercapnia. The inspired volume of control animals increased significantly (P<0.05) at 

the onset of hypercapnia v^th a gradual increase that peaked at the end ofthe hypercapnic 

exposure (Fig. 4.7). 
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The minute volume ofthe treated group also increased during hypercapnia, but 

this increase was not any greater than that ofthe control group (Fig. 4.6). Inspired 

volume in treated animals tended to show a slight elevation over that of untreated 

animals, but not a significant one (Fig. 4.7). There was also no significant difference in 

the respiratory rates ofthe groups (Fig. 4.8). 

The mean arterial pressure ofthe control group rose significanfiy (P<0.01) upon 

exposure to CO2 and stayed at approximately the same level throughout the challenge and 

subsequent recovery period (Fig. 4.9). Heart rate during hypercapnia showed an initial 

decrease with a gradual rise back toward baseline and a sudden, continuing increase upon 

return to normoxia (Fig. 4.10). In contrast, the mean arterial pressure ofthe treated 

animals did not increase during hypercapnia and was significantly less than that ofthe 

control group (P<0.05). Heart rate showed no difference between the groups (Fig. 4.8 & 

4.9). 
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4.3.2 Six-Week Harmaline Pretreatment 

There was no significant difference in the minute volume between six-week 

animals and either the untreated or one-week animals during hypercapnia (Fig. 4.6). 

However, there was a tendency for the minute volume ofthe six-week animals to be 

greater than that of untreated and one-week animals due to a tendency for the increase in 

inspired volume of six-week animals to be greater (Fig. 4.7). The decrease of respiratory 

rate was the same for all groups (Fig. 4.8). 

In contrast to what was seen one week after harmaline pretreatment, the mean 

arterial pressure ofthe six-week group rose significantly (P<0.001) during hypercapnia, 

mirroring what was seen in the control group (Fig. 4.9). All groups had a similar fall in 

heart rate (Fig. 4.10). 

4.4 Discussion 

These experiments were designed first to study the effect of interruption ofthe 

OCT on chemoreceptor-mediated ventilatory responses and, second, because exposure to 

both hypoxia and hypercapnia produce blood pressure changes, to expand on findings 

involving the effect of interruption ofthe OCT on cardiovascular responses. 

In terms ofthe ventilatory responses, we again expected that the effect of 

harmaline pretreatment to be the opposite ofthe effect of lesions ofthe FN, i.e., 

facilitatory to venfilation. We also expected that the responses to both hypoxia and 

hypercapnia would be affected, because FN lesions have been shown to impair the 

ventilatory responses to both challenges (41-43). The ventilatory response to hypoxia 
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was increased by one-week pretreatment with harmaline (Fig. 4.11). This supports our 

hypothesis that the olivocerebellar pathway is part ofthe afferent pathway from the 

peripheral chemoreceptors to the FN and that removal ofthe Purkinje cells in the OCT 

disinhibhs the excitatory influence ofthe FN on ventilation. 

In contrast to our observations with hypoxia, one-week pretreatment with 

harmaline produced no alteration ofthe ventilatory response to hypercapnia, suggesting 

that the OCT is not part ofthe pathway from central chemoreceptors to the FN for 

respiratory information (Fig. 4.11). One possible explanation is that afferents to the FN 

for ventilatory information from the central chemoreceptors follow a pathway other than 

the OCT. The contradiction between the lesion studies and interruption ofthe OCT might 

suggest that the FN is an important relay center from central chemoreceptors in the 

ventrolateral medulla to respiratory motor centers, but through pathways other than the 

OCT. Thus, lesions ofthe FN would significantiy impact the ventilatory response to 

hypercapnia, while interruption ofthe OCT would not. Another possibility is that the FN 

itself acts as a central chemoreceptor as suggested by the preliminary studies of Xu and 

Frazier in which they found that microinjections of acetylzolamide into the FN led to an 

increase in respiratory motor output in anesthetized rats (54). 
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Figure 4.11. Changes caused by interruption ofthe OCT in the output ofthe FN during 
exposure to hypoxia and hypercapnia. Outputs that are altered are shown in red. 
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In contrast to what we observed in the baroreceptor reflex study, the augmentation 

ofthe ventilatory response to hypoxia was still present six weeks after harmaline-

pretreatment. In fact, although not sigiuficantly different, there appeared to be an even 

greater augmentation ofthe minute volume, respiratory rate and inspired volume six 

weeks after pretreatment. Thus, there is no evidence indicating regeneration of Purkinje 

cells, but rather an implication that additional Purkinje cells became nonfunctional later 

than one week after harmaline administration. This suggests that damage to this region 

ofthe cerebellum may lead to a chronic impairment to reflex ventilatory responses to 

hypoxia. Although no change in the ventilatory response to hypercapnia was present one 

week after pretreatment with harmaline, we tested a group six weeks after pretreatment to 

rule out the possibility of a difference appearing later than one week after harmaline 

pretreatment. Again, no significant differences to the ventilatory responses were 

obtained, but reference to Figures 4.4 and 4.5 shows that there is tendency for both 

inspired and minute volumes to become augmented as the exposure to hypercapnia 

lengthens. Therefore, it would be of interest to test the reflex venilatory response to more 

intense or prolonged exposure to hypercapnia. 

The exaggerated fall in arterial pressure during hypoxia and the failure to increase 

pressure during hypercapnia one week after harmaline pretreatment support the 

hypothesis that these Purkinje cells play an important role in any type of pressor response 

and are consistent with the role ofthe FN in such responses (20-34). Thus, in the 

chemoreceptor reflex studies, the effects on arterial pressure responses one week after 

pretreatment were parallel to each other and consistent with the results of lesion studies 
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done previously (23, 28, 34, 35). However, the direction of change was opposite to that 

expected and this paralleled our findings in the present baroreflex smdy. 

Further, six weeks after pretreatment, the failure of pressor responses during 

hypoxia persisted, whereas those to hypercapnia no longer appeared to be compromised. 

This suggests that the afferent pathways to the FN mediating its influence on the pressor 

responses for these two chemoreceptor challenges differ. Hypoxia produces a peripheral 

vasodilation, lowering arterial pressure. This decrease in pressure is sensed by the 

baroreceptors, initiating secondary pressor responses primarily involving sympathetic-

mediated pressor responses together with activation ofthe renin-angiotensin system and 

increased vasopressin secretion. Conversely, with hypercapnia, the pressor response is 

initiated by activation of chemoreceptors, and the normal baroreceptor response to this 

elevation in pressure is a vagally-mediated slowing ofthe heart. Under normal 

circumstances, the baroreceptor modulation of this pressure increase would be suppressed 

in order for the chemoreceptor-initiated response to occur. Interestingly, it was the 

pressor response to hypercapnia that adapted. Our harmaline/baroreceptor studies show 

that one week after harmaline pretreatment, the vagal response to pressure increases is 

exaggerated, and this would be a possible mechanism for suppression ofthe hypercapnia-

induced increase in blood pressure in harmaline-treated animals. On this basis, the 

presence of a normal pressor response to hypercapnia six weeks after pretreatment with 

harmaline would have been predicted by the fact that the exaggerated cardiodeceleratory 

response was not present six weeks after pretreatment in the baroreceptor study. This 
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explanation is not supported by the heart rate data obtained in these studies during 

hypercapnia, but ftirther studies should be done to specifically test this hypothesis. 

In the baroreflex study, we did not test the cardioacceleratory response to 

decreases in pressure because ofthe paradoxical response to pressure decreases exhibited 

by rats. Therefore, we have no data with which to assess the effect of interruption ofthe 

OCT on individual pressor mechanisms. However, our results suggest that interruption 

ofthe OCT may induce a long-term deficit of activation of pressor mechanisms, while 

leading to only a short-term augmentation ofthe decrease in FN-mediated inhibition of 

parasympathetic output or modulation of that limb ofthe baroreflex arc. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

Harmaline, at the dosage used, effectively kills Purkinje cells projecting to the 
ft 

FN, as documented by O'Heam and Molliver (14, 48, 49) and supported by our 

preliminary histological examination ofthe brains ofthe rats used in this study. Our 

histological examination was not sufficient to rule out that neurons were killed in other 

regions ofthe brain, but this is unlikely based on the extensive histological examination 

performed by O'Heam and Molliver (14, 48, 49). Thus, we feel strongly that 

pretreatment with harmaline served as an effective tool for studying the effects of 

interruption ofthe olivocerebellar tract on FN-mediated cardiorespiratory reflex 

responses. 

We conclude that the results of this smdy support our hypothesis that the 

olivocerebellar tract is an afferent pathway to the FN for both cardiovascular and 

respiratory information. The vermal and paravermal Purkinje cells killed by harmaline in 

our studies are the same cells stimulated by Moruzzi (18), and it could have been inferred 

from his studies that the olivocerebellar tract was involved in conveying cardiovascular 

information to the FN. The cardiodeceleratory response to transient increases in artenal 

pressure, the pressor response to hypercapnia, and the compensatory pressor response to 

hypotension induced by hypoxia all were altered acutely by interrruption ofthe OCT, 

indicating the involvement of this pathway in both limbs ofthe baroreflex arc. Our 

observations suggest that the failure in compensation for hypotension induced by 

interruption ofthe OCT persists, whereas the removal of FN inhibition of 
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parasympathetic output to the heart is only transient. Our data from this study does not 

permit stipulation of which pressor mechanisms might show permanent impairment. This 

could be a direction for future studies. Although the ventilatory response to hypercapnia 

was not affected, alteration ofthe reflex ventilatory response to hypoxia occurred and 

persisted. Our experimental design also does not permit us to draw conclusions about 

possible effects on spontaneous ventilation, and this represents an additional subject for 

future study. 

Although we have demonstrated that the OCT is an afferent pathway to the FN for 

cardiorespiratory information, there is little known about the pathways from the receptors 

to the inferior olive. Afferents from the NTS have been shown to project to the inferior 

olive (12) and to the anterior vermis, where the harmaline-affected Purkinje cells are 

located (55). Information may also reach the FN through other pathways. Further, the 

output pathways from the FN for carchorespiratory influences have not been defined. 

Anatomical studies have demonstrated that monosynaptic pathways exist from the FN to 

the nucleus tractus solitarius (2, 56-58) and the rostral ventrolateral medulla (59). Figure 

5.1 reviews the possible pathways from the visceral receptors to the FN and from the FN 

to the efferent motor centers in the brainstem. Also shown on Figure 5.1 are the 

physiological responses modulated by the FN that are initiated by these centers. Most of 

these efferent connections are polysynaptic and remain to be defined. Our studies 

directly confirm the role ofthe OCT in influencing the modulation of ventilation and 

output ofthe PNS and SNS. Although not directly measured, the long duration 
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hypotension during the hypoxia exposure would support an influence on secretion of 

vasopressin and activation ofthe renin/angiotensin system. 
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Figure 5.1. The possible pathways from the visceral receptors to the FN and the efferent 
motor centers in the brainstem that initiate the responses modulated by the FN. 
Abreviations: AH, angiotensin II; AVP, arginine vasopressin; DMN X, dorsal motor 
nucleus of X; HR, heart rate; PR, peripheral resistance. 
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Based on the observations of this study, additional studies using extracellular 

recording would be of interest in defining the afferent pathways. Recordings could be 

made from neurons in the inferior olive during cardiorespiratory challenges to confirm 

activation ofthe OCT. Recording from neurons ofthe FN during chemo- and 

baroreceptor challenges in both harmaline-treated and control animals might help 

differentiate between effect ofthe lack of input from the missing Purkinje cells and the 

continuing influence ofthe climbing fiber collaterals. Figure 5.2 indicates the net 

physiological changes initiated by the FN as indicated by stimulation and lesion studies. 

It also portrays the finding that the response patterns of FN neurons to cardiorespiratory 

challenges suggest pools of neurons that respond in different directions to the same 

stimulus. It also indicates the presence of a complex network of neurons by which the 

output of any one neuron can be affected by concurrent input from baroreceptor, 

chemoreceptor and somatic afferent pathways. Comparing the response patterns of FN 

neurons in treated and untreated animals during such challenges might show elimination 

ofthe response by specific pools with the same direction of change in firing rate in 

response to a specific stimulus. 
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Figure 5.2. Diagram to indicate that the net output observed in stimulation and lesion 
studies may not reflect the actual system, which could be more complex. Recording 
studies have shown pools of FN neurons that respond differently to the same stimulus and 
that one neuron may receive input from baroreceptor, chemoreceptor and somatic 
afferents. 

We indicated that a possible explanation for the chsappearance ofthe effect on the 

cardiodeceleratory reflex might be recovery of function of injured Purkinje cells. 

However, the results ofthe hypoxia experiment indicate that there was no recovery of 

injured cells, and support the hypothesis that the reversal seen in the baroreceptor reflex 

study was due to the strengthening of an altemate pathway. The additional input to these 

neurons from different types of afferents may represent part of such an altemate pathway. 

In summary, this study confirms that the FN has a modulatory influence on both 

the cardiovascular and respiratory systems. The question has been raised as to the 

importance of these influences given that damage to this region does not produce a near-

term change in resting blood pressure or ventilation. Some tonic influence may be 
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present given that resting heart rate and spontaneous ventilation begin to show a decrease 

several hours after the damage. Possible persistence of these changes has not been 

examined. However, the FNs influence on baro- and chemoreceptor reflex responses, 

demonstrated in this and previous studies, indicates that it is a vital component ofthe 

responses to cardiorespiratory challenges. These studies suggest that damage to the FN 

may have a chronic effect on both the pressor and ventilatory responses to hypoxia. The 

present studies have not only shown that the OCT is a prominent afferent pathway for 

both baro- and chemoreceptor responses, but have also raised three major questions: (1) 

why is the effect of OCT interruption on parasympathetic output to the heart only 

transitory? (2) Why is the ventilatory response to hypercapnia unaffected? (3) Why is 

the cardiovascular response to hypercapnia affected, but not the ventilatory response, 

when both responses are initiated by the central chemoreceptors? 
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