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We investigated a unique microzone of the cerebellum located in
folium-p (fp) of rabbit flocculus. In fp, Purkinje cells were potently
excited by stimulation of the hypothalamus or mesencephalic peri-
aqueductal gray, which induced defense reactions. Using multiple
neuroscience techniques, we determined that this excitation was
mediated via beaded axons of orexinergic hypothalamic neurons
passing collaterals through the mesencephalic periaqueductal
gray. Axonal tracing studies using Dil and biotinylated dextran
amine evidenced the projection of fp Purkinje cells to the ventro-
lateral corner of the ipsilateral parabrachial nucleus (PBN). Be-
cause, in defense reactions, arterial blood flow has been known
to redistribute from visceral organs to active muscles, we hypoth-
esized that, via PBN, fp adaptively controls arterial blood flow
redistribution under orexin-mediated neuromodulation that could
occur in defense behavior. This hypothesis was supported by our
finding that climbing fiber signals to fp Purkinje cells were elicited
by stimulation of the aortic nerve, a high arterial blood pressure,
or a high potassium concentration in muscles, all implying errors in
the control of arterial blood flow. We further examined the arte-
rial blood flow redistribution elicited by electric foot shock stimuli
in awake, behaving rabbits. We found that systemic administra-
tion of an orexin antagonist attenuated the redistribution and that
lesioning of fp caused an imbalance in the redistribution between
active muscles and visceral organs. Lesioning of fp also diminished
foot shock-induced increases in the mean arterial blood pressure.
These results collectively support the hypothesis that the fp micro-
complex adaptively controls defense reactions under orexin-mediated
neuromodulation.

somatosympathetic | vestibulosympathetic | OX-1R antagonist |
bicuculline | baroreceptor

he cerebellar cortex consists of numerous microzones, each

extending 10 mm? or so (ref. 1; for review, see ref. 2). Each
microzone receives three distinct types of input, that is, mossy
fibers, climbing fibers, and beaded fibers. Beaded fibers contain
certain amines or neuropeptides (for review, see refs. 3 and 4)
and distribute diffusely; supposedly, they determine the general
activity or the mode of operation of their target neurons, that is,
neuromodulation, unlike input/output-specific transmission in
mossy fibers and climbing fibers (5). Several microzones have
been analyzed with regard to their circuit mechanisms and spe-
cific reflex functions (not only somatic; some are autonomic)
(6, 7), but the actual roles of beaded fibers remain largely unknown.
In this study, we focused on a particular microzone located in the
flocculus [folium-p (fp)] (8, 9), which receives beaded fibers
containing orexins (hypocretins) (10). Orexins consist of A and B
isopeptides containing 33 and 28 amino acids, respectively, and
have been implicated in sleep and feeding (11-13).
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A functionally unique feature of fp is that a large portion of
Purkinje cells in it are excited by stimulation of the classic de-
fense areas in the hypothalamus and mesencephalic periaqu-
eductal gray (PAG) (14). Electrical or chemical stimulation of
the defense areas induces complex motor activities for “fight or
flight” and associated cardiovascular responses such as rapid
increase of blood pressure (BP) (15-17). In natural behaving
conditions, harmful stimuli activate the defense areas via the
amygdala (for review, see ref. 18). Involvement of orexins in the
cardiovascular defense reactions has been suggested because
the genetically induced orexin deficiency in mice leads to atten-
uation of the transient increase of blood pressure evoked from
defense areas (19, 20).

We analyzed neuronal circuit connections to and from fp using
axonal transport tracers. Importantly, we found that Pukinje cells
in fp project their axons to the ventrolateral corner of the ipsi-
lateral parabrachial nucleus (PBN), a major cardiovascular center
in the brainstem (21, 22). It was previously shown that PBN
receives Purkinje cell axons from the anterior vermis (21) as well
as the middle (6) and lateralmost regions (7) of the nodulus-
uvula. These observations suggest that PBN acts as a functional
interface between the cerebellum and supraspinal cardiovascular
centers (21). In defense reactions, arterial blood flow is redis-
tributed from visceral organs and resting muscles to active muscles
(17) by the action of the sympathetic nervous system (23). Subtle
control of this redistribution is needed to maintain cardiovascular
homeostasis while fulfilling the high demand for arterial blood
supply to muscles actively involved in defense reactions.

On the above-introduced backgrounds, we attempted to define
the role of orexins in fp function and the role of fp in the control
of arterial blood flow. We used rabbits because their flocculus
has discernible regular folial divisions (8, 9), which is not the case
in rats or mice.
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Results

Orexin-Immunopositive Beaded Fibers in Rabbit Cerebellum. In rab-
bits, the flocculus lies in the rostroventrolateral corner of the
cerebellum (Fig. 14) and consists of six folia, fm, f1, {2, 3, f4,
and fp (8. 9) (Fig. 1B). In coronal sections, a cut face of fp can be
identified by its flattened triangular appearance, with the peak
pointing ventrolaterally (Fig. 1C). As examined in three com-
plete sets of serial coronal sections (60 pum thick) of the left
flocculus, the Purkinje cell layer in fp maximally expands dor-
soventrally by 3.0 + 0.1 mm (mean + SE of mean, throughout
this article) and anteroposteriorly by 3.1 + 0.2 mm, the total area
being 7.2 + 0.9 mm>.

Immunohistochemical data on orexins are abundant in the
literature for mice and rats but are scarce for rabbits; therefore,
we collected our own data for confirmation. Within the cere-
bellum, we observed orexin-immunopositive fibers located al-
most exclusively in the flocculus, with a rare detection of such
fibers in the vermis, as similarly observed in rats (10). A fluo-
rescence microscopy image shows the beaded appearance of
these fibers, which lie adjacent to Purkinje cells and ascend to the
molecular layer, some running parallel to the Purkinje cell layer
(Fig. 2 A and B). In one flocculus, we counted 46 such fibers in
the molecular layer, 74 in the Purkinje cell layer, and 71 in the
granular layer. As summarized for three rabbits (Table S1), the
density of orexin-immunopositive fibers in cross-sectional areas
of fp is 2.77 times as high as that in all other (non-fp) folia of
the flocculus. The common presence of orexin-immunopositive
fibers may justify our classification of fp as part of the rabbit
flocculus whereas Tan et al. (9) deemed fp as part of the ventral
paraflocculus.

Origin of Orexin-Immunopositive Fibers. Within the rabbit hypo-
thalamus, orexin-immunopositive neurons distribute around the
fornix over the perifornical nucleus, dorsomedial hypothalamus,
and lateral hypothalamic area (Fig. S14). As similarly observed
in rats (10), orexin-immunopositive axons of these cells innervate
a number of structures in the brainstem and densely fill PAG
(Fig. S1C). Orexin B-conjugated saporin (SAP, a ribosome-
inactivating protein) has been used to degenerate neurons that
had orexin receptor-2 (OX-2R), including orexin-immunopositive
neurons; however, SAP actually degenerated not only these
neurons, but also most of the other neurons in the posterior

A SE1 SE2

Fig. 1. Folium-p of rabbit flocculus. (A) Left side view of rabbit brain. ME,
glass microelectrode; SE1, stimulating needle electrode inserted in the hy-
pothalamus; SE2, another electrode in PAG. (B) Enlarged left side view of the
flocculus showing its folial divisions. fp is exposed by retracting parts of the
neighboring f4 and fv. Red spots, positions of the last microelectrode tracks
in 21 experiments. Vertical lines 1-5 are drawn at 400, 800, 1,200, 1,600, and
2,000 pm from the caudal pole of fp. (C) Coronal section of the left flocculus
at the level 4 in B. LN, lateral nucleus.
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Fig. 2. Orexinergic axons in flocculus. (A and B) Beaded orexin-immuno-
positive fibers double-stained for calbindin (red) and orexins (green). ML,
molecular layer; PC, Purkinje cell.

hypothalamus (24). Therefore, we injected SAP into the hypo-
thalamus as a nonspecific lesioning agent. In two rabbits in which
SAP-induced lesions covered the hypothalamus defense area
bilaterally (except for some surviving orexin-immunopositive neu-
rons) (Fig. S1B), orexin-immunopositive fibers in PAG largely di-
minished (Fig. S1D); this finding confirms that these fibers are
branches of orexin-immunopositive fibers of hypothalamic origin.

Abnormally low basal BP was reported to prevail in genetically
orexin-deficient mice (19), but abnormally low basal BP was not
the case in our two rabbits systemically injected with orexin
receptor-1 (OX-1R) antagonists; mean BP were 92 and 105 mmHg
against the control values 98 and 108 mmHg, respectively. In three
SAP-treated rabbits, the average of the mean BP was also normal:
92 + 5 mmHg against 91 + 3 mmHg in 20 control rabbits. Dif-
ferent neural mechanisms appear to underlie the maintenance of
basal BP and the transient BP increase in defense reactions, at
least in rabbits.

Involvement of Orexins in Defense Reactions. Under general anes-
thesia, the hypothalamus was explored with a bipolar needle
electrode for stimulation (SE1; Fig. 1). At certain depths along
a dorsoventral track, a train of 100-Hz bursts (8-50 pulses; each
pulse, 100-500 pA; 0.3 ms wide) effectively induced a transient
increase in BP by 20-100 mmHg (Fig. 34, Fig. S24). On the
average of mean BP curves (Fig. 3/), the mean increase is 49 +
4 mmHg (n = 20) and the mean latency is 0.70 + 0.03 s (n = 19).
Four lines of evidence support the view that this transient BP
increase is mediated by orexinergic hypothalamic neurons. First,
when optimal stimulation sites for this effect were mapped in
various experiments (shown in Figs. 3-5 and 7), they covered the
region designated as the hypothalamic defense area (Fig. S2B)
where orexin-immunopositive neurons distributed (Fig. S14).
Second, systemic administration (7 mg/kg) of an OX-1R antag-
onist, SB-334867 (25) or SB-408124 (26), markedly attenuated
these BP increases (Fig. 3 C, G, and J). Third, in all of the four
rabbits tested 2-6 wk after SAP injection, orexin-immunopositive
neurons had largely disappeared from the hypothalamus (Fig.
S1B; compare with Fig. S14), and, accordingly, hypothalamus
stimulation (even as strong as 500 pA) failed to increase mean
BP (5 + 3 mmHg). Note that, in these experiments, the location
of the stimulating electrode was controlled stereotaxically to be
close to the fornix and later confirmed histologically (for exam-
ple, * in Fig. S1B). Fourth, prepro-orexin—null knockout mice
(19) and orexinergic neuron-ablated transgenic mice (20) have
been reported to exhibit an attenuated BP increase during hypo-
thalamus stimulation.

Stimulation within or at its border of PAG also induced BP
increase as mapped in Fig. S2D. As would be expected, this ef-
fect was blocked by OX-1R antagonists (Fig. 3 E and G). We also
noted that hypothalamus/PAG stimulation evoked an increase
in the rate of integrated electromyograph discharges in nuchal
muscles with a latency of ~0.1 s (Fig. 3 B and F). Importantly,
OX-1R antagonists did not affect these motor responses (Figs. 3
D and H), which suggests that orexins are not involved in motor
components of defense reactions (see Discussion).
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Fig. 3. Defense reactions evoked from the hypo-
thalamus. (A-D) Stimulation of hypothalamus. Up-
ward arrows indicate the moments of application of
a train of 100-Hz pulses lasting 0.5 s. (A) Chart re-
cord of BP. (B) Integrated EMG recorded from nu-
chal muscles. (C and D) Similar to A and B, but

¥ Bs

recorded 10 min after i.v. injection of SB-334867.
(E-H) Similar to A and D, but with stimulation of
PAG. (/) Twenty times-averaged mean BP curve. a,
the start of increase. (J) Plots changes in peak
amplitudes of hypothalamus stimulation-evoked BP
increases (red) and short-latency discharges in nu-
chal muscles (green) after i.v. injection of an OX-1R
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Orexinergic Excitation of Purkinje Cells. When a glass microelec-
trode was inserted through the dorsal paraflocculus, it reached
ipsilateral fp, neighboring f4, or the ventralmost folium of the
ventral paraflocculus (fv), at depths of ~7 mm (Fig. 1C). Sam-
pled Purkinje cells spontaneously discharged simple spikes (Fig.
4 A and B) at 10-90 spikes per s (mean 40.3 + 4.0 spikes per s,
n = 28) and complex spikes at 1-7 spikes per s (mean 3.8 + 0.3
spikes per s, n =19). Hypothalamus/PAG stimulation on either
the left or right side frequently induced a transient increase in
the rate of simple spike discharges, as shown in Fig. 44. In
peristimulus time histograms (PSTHs), this excitation starts upon
stimulation and lasts for a fraction of 1 s to 3-5 s (Fig. 4C). The
responses occurring within 1 s, with statistical significance in the
permutation test (shaded in Fig. 4 C-E), were taken as the pri-
mary effects of hypothalamus/PAG stimulation.

Among the Purkinje cells sampled in fp and its neighboring
folia (fv, f4), 38-40% were excited by hypothalamus stimulation
and 27-32% were excited by PAG stimulation (Table S2). When
plotted on standardized coronal sections, the vast majority of
these excited Purkinje cells were located in fp (Fig. 5 4 and C).
The remaining small fraction of excited Purkinje cells protruded
into the neighboring f4 (Fig. 5 A4, 2; 4, 3; C, 2; and C, 3). The
hypothalamic origin of the hypothalamus/PAG stimulation-evoked
excitation was reflected in the effects of SAP-induced lesions of
the hypothalamus; in the lesioned rabbits, hypothalamus stimu-
lation excited Purkinje cells at a significantly lower rate (5%) than
in control (38%) or sham-operated (32%) rabbits [Wilcoxon—
Mann-Whitney (WMW) test, P < 0.01] (Table S2).

When applied iontophoretically at 50 nA through a seven-
barreled pipette to individual Purkinje cells (SI Materials and

30 40 min antagonist.

Methods, Microiontophoresis), OX-1R antagonists effectively
depressed the hypothalamus/PAG stimulation-evoked excitation
(Fig. 4F). Between before and during iontophoresis, the differ-
ence in the histograms was significant in 12 of the 16 cells ex-
amined [Wilcoxon signed-rank test for matched samples (WSM)
during a 3-s poststimulation period, P = 0.0001-0.020]. In this
measurement, data obtained using either SB-334867 (n = 11) or
SB408124 (n = 5) and by either hypothalamus (n = 9) or PAG
stimulation (n = 7) were pooled together because these factors
made no significant difference in the data obtained. In the ab-
sence of hypothalamic/PAG stimulation, iontophoresis of an
OX-1R antagonist at 50 nA caused a gradual decrease in the rate
of spontaneous simple spike discharges by 40.2 + 11.6% (n = 5;
P =0.0009 to <0.0001) on average at 20-29 s (Fig. 4G, blue). In
contrast, iontophoresis of orexin A at 50 nA rapidly increased
the rate of simple spike discharges from Purkinje cells (Fig. 4G,
red). The average increase observed at 20-29 s after the onset of
iontophoresis was 40.4 + 6.6% [n = 5; Wilcoxon test for single
samples (WSS) P = 0.02-0.006]. These observations indicate that
in fp Purkinje cells, orexins are spontaneously released to provide
a background excitation and also mediate the hypothalamus/PAG
stimulation-evoked excitation. Because the ionotophoresis of 6-
cyano-7-nitroquinoxaline-2, 3-dione (CNQX), an alpha-amino-3-
hydroxy- 5-methyl-4-isoxazole propionate (AMPA) receptor an-
tagonist did not affect hypothalamus/PAG-stimulation-induced
excitation (Fig. S3, n = 4), it is unlikely that Purkinje cells were
excited by glutamate that might be coreleased with orexins.

Nonorexinergic Inhibition of Purkinje Cells. The hypothalamus/PAG
stimulation at sites optimal for induction of the rapid BP rise

Fig. 4. Recording from Purkinje cells. (4) Upper A C " F .

record, BP. Lower record, simple and complex spike zoof- L 150+ 5

discharges. Dots indicate complex spikes. The left 150" . . JLLWJ“IL»LLP _ 1:“0 b lid P gy
hypothalamus was stimulated (horizontal bar). (8)  mmHg | 1004 'L'“J"*L% St B | R o
I .. . 100=]| /ULUUUUY Wl £ - 50t } before

Similar to A, but for another Purkinje cell. Speci- 50-"" e . . 50¢ f | “guring
mens of simple and complex spikes are shown in an | -_— 0 0 0 s

expanded time scale. (C-E) Examples of PSTHs for 100 = Dso i

simple spike responses to hypothalamus/PAG stim- 1s % | ) L_

ulation. Ordinates, simple spike discharge frequency 100 HPLLI Al 3

relative to the average frequency during 5-s pres- 56 | ]ﬂL

timulation periods. Deviations of the PSTHs from | i

that level occurring during 1-s poststimulation ORI A A U.é 0.j

periods are shaded. Squares indicate the period of A AMMNNRNAR

the stimulation. (F) Averaged PSTHs showing exci- 1 E i P

tation before (red) and during (blue) continuous 140 | ; 1

appliczftion of OX-1R antag(.)nis.ts at 100 nA (n = 1_6). i1s }gg __mw .ILJ."-LJ'-[H L M_ Ty H

A vertically hatched band indicates the 3-s period _J-,w |100 av 80 f I jnj : r Iyt

for statistical comparison between the two groups ﬁ gg [ LA

of plots. (G) Effects of iontophoresis of orexin-A
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(red) or OX-1R antagonists (blue) on spontaneous simple spike discharges. An obliquely hatched band indicates iontophoresis (n = 5 for each of the red and
blue plots). (H) Similar to F, but with the effect of continuous iontophoresis of bicuculline on hypothalamus/PAG-induced inhibition (n = 5).
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Fig. 5. Location of hypothalamus/PAG stimulation-excited or -inhibited
Purkinje cells. The 2-5, coronal sections of a standard flocculus specimen
drawn at four levels indicated in Fig. 1B. The sites recording from Purkinje
cells were determined on serial coronal sections and then replotted on the
most closely positioned specimen section. (A) Hypothalamus stimulation-
excited Purkinje cells (in red). (B) Hypothalamus stimulation-inhibited Pur-
kinje cells (in blue). (C and D) Similar to A and B, but with PAG stimulation.
Data were obtained from 7 rabbits with hypothalamus stimulation and 13
rabbits with PAG stimulation.

(Fig. S2) induced not only excitation in a population of Purkinje
cells in and near fp (see above) but also inhibition in another
overlapping population of them (Fig. 4 B and D). The inhibited
and excited Purkinje cells were mixed side by side (Fig. 5 B and
D), and, in some Purkinje cells, excitation and inhibition appeared
in succession (Fig. 4F), indicating that both excitation and in-
hibition converged to these Purkinje cells.

However, the inhibition should have nonhypothalamic origins
because SAP lesions in the hypothalamus did not impair the
inhibition (Table S2); for example, left hypothalamus stimulation
in SAP-treated rabbits inhibited 56% of the Purkinje cells ex-
amined compared with 46% in control or 51% in sham-operated
rabbits. Note also that iontophoresis of OX-1R antagonists did
not affect the inhibition (Fig. 4F; see the inhibition phase at 01 s).
Therefore, it is likely that the inhibition arises from nonorexinergic
neurons, which might be located outside of the hypothalamus but
extending their axons through the hypothalamus. Because bicu-
culline applied at 10-20 nA effectively attenuated the inhibition on
average by 37 + 4% (n = 5; WSM, P = 0.01576-0.00042) (Fig. 4H),
the inhibition should be mediated by GABA, at least in part.

Note that PAG stimulation evoked inhibition at a considerably
higher rate (68-74%) than hypothalamus stimulation (45-46%)
(Table S2). Note also that Purkinje cells inhibited by PAG
stimulation extended laterally into fv (Fig. 5 D, 3). It may be that
the inhibition evoked from hypothalamus and that evoked from
PAG are mediated by a different pathway(s), at least in part. A
question may arise how the nonorexinergic inhibition in fp

Nisimaru et al.

Purkinje cells contributes to defense reactions. However, we leave
this question open until we determine origins of the inhibition.

Input-Output Connections of fp. For axonal tracing, we first used
Dil for its special advantage that it could be applied precisely to
fp in formol-fixed postmortem cerebella under direct vision (27).
In seven such brain specimens, we observed Dil-labeled axons of
fp Purkinje cells to form a bundle that seemingly extended to the
ipsilateral PBN, displaying an axon terminal-like varicose pattern
there (Fig. 6 4 and B). These fibers could be axons of fp Purkinje
cells projecting to PBN, but the possibility cannot be excluded
that these are in part retrogradely labeled afferent fibers to fp. In
fact, some PBN neurons were retrogradely labeled (see Fig. 6C
and below). We then adopted anterogradely transported bio-
tinylated dextran amine (BDA) (28) and injected stereotaxically
to the fp. In the case of such injection shown in Fig. 6 D-F, we
observed axon terminal-like structures (F) in the ventrolateral
corner of the ipsilateral PBN (E). The injected BDA extended to
f1-f4 folia (D); however, because no evidence was obtained in
previous studies that Purkinje cells in these non-fp folia project
to PBN, it would be reasonable to assume that the BDA-labeled
axon terminal-like structures in PBN originated from fp Purkinje
cells (Discussion).

Those neurons retrogradely labeled by Dil from fp (Fig. 6C)
are a possible source of mossy fibers projecting to fp. We
counted 177 retrogradely labeled neurons in the PBN of seven
rabbits, among which 126 lay in the lateralmost part of the PBN
and the remaining 51 in the medial subnucleus. In one rabbit,
WGA-HRP injected into fp also retrogradely labeled neurons in
the pedunculopontine nucleus (PPN) (Fig. S4 E and F). A few
dispersed hypothalamus neurons were also labeled (Fig. S4 C
and D) in the manner reported previously by Haines et al. (1984)
(29). They could be orexinergic neurons. Dil injected into fp also
labeled retrogradely neurons in the contralateral inferior olivary
nucleus (ION). In four rabbits, 113 Dil-labeled neurons were
located in the caudolateral portion of the principal olive (Fig. 6
G and H). WGA-HRP (SI Materials and Methods, HRP Labeling)
injected into fp also labeled neurons in this ION area (Fig. S4B).
These ION neurons are presumed to be the origin of climbing
fibers projecting to fp.

Climbing Fiber Signals. We explored the peripheral sources of
climbing fiber signals to fp Purkinje cells and found that a sig-
nificant (permutation test, P = 0.00033-0.048) transient increase
in the rate of climbing fiber discharges occurred under the fol-
lowing three conditions: (i) electric pulse stimulation of the aortic
nerve; a significant effect occurred in four of the six Purkinje
cells examined, with latencies of 0.06-0.14 s (Fig. 74); (i)
electric hypothalamic stimulation that caused a rapid BP in-
crease; a significant effect occurred in 10 of the 21 Purkinje cells
examined, with latencies of 0.5-2.0 s (Fig. 7B); and (iii) quick
one-shot injections of 40 mM KClI solution (4 mL at a time) to
hindlimb muscles via left iliac artery; a significant effect occurred
within a few seconds after the onset of the injection in 10 of the
20 Purkinje cells tested (Fig. 7C). Implications of these three
types of stimulus are later discussed (Discussion). When hypo-
thalamus/PAG stimulation-excited Purkinje cells were selected,
significant increases in the climbing fiber discharge rate were
observed in 2/2, 8/11, and 6/11 cells tested under the above-
mentioned three conditions. The overall frequency of occurrence
was 16 of the 24 excited Purkinje cells (67%). That similarly
calculated for hypothalamus/PAG stimulation-inhibited Purkinje
cells was 8/23 (35%), half of that for excited cells.

Arterial Blood Flow and BP in Behaving Rabbits. Electric foot shock
stimuli (FS) evoke defense reactions in a freely moving animal
(30). We adopted 2-4 mA stimuli, lasting 1, 3, or 30 s, as FS.
These stimuli evoked quick turning-around locomotion of the
rabbit within the cage. Trials were repeated once every 10 min
four to seven times in one session to obtain averaged responses
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Fig. 6. Dil- and BDA-labeled outputs and inputs of fp. (A4) Coronal sections of cerebellum and medulla through right fp, into which Dil was injected. Dil-
containing fibers were traced through three consecutive sections (100 pm thick) and superposed as drawn in red. LN, lateral cerebellar nucleus; NV. Mes.,
mesencephalic trigeminal nucleus; SCP, superior cerebellar peduncle. (B and C) Photomicrographs for two small areas (b and c) enclosed in A showing varicous
pattern of the labeled axons (B) and retrogradely labeled neurons (C), respectively. (D) A section of the brainstem of another rabbit, relatively rostral cor-
responding to the level 5 in Fig. 4. BDA covered fp but extended also to the other floccular folia. (E) A 45-pm-thick section cut at 810 pm caudal to D, showing
tissues around SCP in a larger scale. Wavy short lines indicate BDA-labeled axons. LPB, lateral PBN; MPB, medial PBN; mcp, middle cerebellar peduncle. (F) A
photomicrograph of the part enclosed by a rectangle in E showing axon terminal-like structure labeled by BDA. (G) A section of the ventrolateral medulla at
the caudal level of the principal olive (PO) of a third rabbit. Only the side contralateral to the fp injected with Dil is shown. (H) A photomicrograph for the area

enclosed by a square in (G) showing retrogradely labeled IO neurons.

to FS. In each rabbit, a session was repeated several times at
intervals of 6-7 d.

In the first set of experiments, probes for arterial blood flow
were attached to the right and/or left femoral artery that supplies
leg muscles, or one to the celiac artery that supplies major vis-
ceral organs. In rabbits in the control state (Fig. 84, curves a and b),
each FS regularly induced transient increases in the femoral arterial
flow (FAF) and simultaneous decreases in the visceral arterial
flow (VAF), representing the redistribution of arterial blood flow
from visceral organs to active muscles. We measured the average
increase of FAF or decrease of VAF during the 30 s of FS
stimulation relative to their prestimulation magnitude; FS in-
creased FAF by 75 + 12% (n = 7; n in this section means the
number of rabbits used) and decreased VAF by 53 + 7% (n = 8).
Fig. 84 also shows that i.v. one-shot injection of an OX-1R an-
tagonist (7 mg/kg) decreased FS-induced changes in both FAF
and VAF (curves c and d). These decreases were relatively short-
lasting and diminished in 20 min. As compared just before and
within 15 min after the injection, the FS-induced FAF increases
were depressed by 57 + 9% (n = 5; ¢t test, P = 0.008), and the
FS-induced VAF decreases were depressed by 54 + 12% (n = 4;
P =0.034).

After these measurements, kainate solution (0.1%, 1 pL at
a time) was injected to fps bilaterally under general anesthesia.
When measured more than 5 d later, the amount of 30-s FS-
induced FAF enhancement was 2.33 + 0.29 (n = 3) times larger
than that before the kainate treatment (¢ test, P = 0.037). In
contrast, the amount of FS-induced VAF reduction was smaller,
0.39 + 0.12 (n = 3) times that before the kainate treatment
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(¢ test, P = 0.045). It was also noted (Fig. 8B, curves e and f) that
the time course of 30-s FS-evoked VAF decrease became sig-
nificantly faster; half-decay time was reduced from 20 to 24 s to
6 to 15 s (by 45 + 9%, n = 3; t test P = 0.028) after the kainate
treatment. The half decay time for FAF increase also became
shorter from 60 to 100 s to 24 to 58 s, by 59 + 15% (n = 3)
on average, but this shortening is not statistically significant
(P = 0.108).

In the second set of experiments, mean BP was measured at
the right femoral artery. In the control state, 30-s FS regularly
caused a modest increase of mean BP (20 + 3 mmHg, n = 7).
During 30-s FS, the increased BP began to decrease and, after
the cessation of FS, further decreased to the prestimulation level
or slightly below that (Fig. 8C, curve g). FS for 1 or 3 s induced
changes in mean BP somewhat smaller in amplitude but similar
in time course to those induced by 30-s FS (see below). These
rabbits then received bilateral kainite treatment, and FS-induced
changes in the mean BP were measured 6 d thereafter. In one
rabbit, 30-s FS caused a 16-mmHg decrease instead of the 16-
mmHg increase observed before the kainite treatment (Fig. 8C,
curve h). In another rabbit, 30-s FS caused a 10-mmHg increase
of the mean BP, but this increase was smaller than the 25-mmHg
increase observed before kainate treatment. A third rabbit was
tested with 1-s FS, which caused a 15-mmHg increase in the
mean BP before but a 10-mmHg decrease after kainate treat-
ment. These observations consistently suggest that the fp nor-
mally acts to maintain BP at a modestly enhanced level during
defense reactions.
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Fig. 7. Sources of climbing fiber signals. Complex spikes were recorded from
fp Purkinje cells and distinguished from simple spikes by their character-
istic configurations. (A) Raster diagram (a) and corresponding PSTH (b) for
complex spike discharges evoked from an fp Purkinje cell. v, moment of
stimulation of the right aortic nerve with electric single pulses. Ordinate in b,
discharge rate of complex spikes/s. (B) PSTH of complex spikes evoked by
hypothalamic stimulation (time at 0 s) that induced transient mean BP in-
crease. (C) Similar to B, but for one-shot injection of 40 mM KCl solution into
left iliac artery at time O s.

Discussion

Neuronal Circuit for Cardiovascular Defense Reactions. On the basis
of previous reports from many authors and the present data, Fig.
9 delineates the neuronal circuit for cardiovascular defense
reactions. As the cardiovascular defense reactions are typically
evoked by an electric foot shock (Fig. 8), they should primarily
involve a somatosympathetic reflex (SSR) (31), which is evoked
by stimulation of the skin, joints, or muscles; after these reactions
are mediated by a segmental circuit (SGC), they act upon the
sympathetic preganglionic neurons located in the intermedio-
lateral nucleus (IML) of the spinal cord. The activated IML may
then generate spatiotemporal patterns of arterial blood flow
among muscles and visceral organs (23, 32). A supraspinal
pathway (SSP) involving spinal and trigeminal sensory nuclei
(SVN) (33) and sympathetic premotor neurons in the rostroven-
trolateral nucleus (RVL) superposes on the SSR pathway. An-
other pathway mediated by PBN neurons further parallels SSP;
PBN neurons receive excitatory inputs from various sensory
pathways including PPN (34) and in turn project to RVL (35).
According to a general finding in vestibular/cerebellar nuclei (2),
we assume that various inputs to PBN are derived from collat-
erals of mossy fibers (Fig. 9). RVL forms a complex neuronal
circuit with other cardiovascular brainstem nuclei (for review,
see ref. 36), including the nucleus tractus solitarius (NTS). NTS

receives baroreceptor signals and in turn activates the caudal
ventrolateral medulla (CVL), which inhibits RVL, forming the
baroreflex pathway. Eventually, NTS also projects to vagal car-
dioinhibitory (VCI) neurons, adding to the baroreceptor reflex
(BRR). The paraventricular nucleus of the hypothalamus may
also contribute to cardiovascular defense reactions via two-way
connections with NTS, but these connections are left out from
Fig. 9 for simplicity.

In this study, Dil injected into fp under direct vision labeled
a bundle of axons that course between fp and the ventrolateral
corner of PBN (Fig. 6 A and B). This bundle, at least in part,
would contain axons of fp Purkinje cells directly projecting to
PBN. BDA stereotaxically injected into fp labeled axon terminal-
like structures in the ventrolateral corner of PBN (Fig. 6 D-F),
supporting the view that fp Purkinje cells project directly to the
ventrolateral corner of PBN. Even though the injected BDA
spread to f1-f4 (Fig. 6D), previous studies revealed no Purkinje
cell projection from these non-fp folia to PBN (9, 37, 38).
Therefore, it is likely that the cells projecting to PBN were fp
Purkinje cells, presumably for control of cardiovascular defense
reactions. Note that a previous study also revealed a direct
projection of fp Purkinje cells to vestibular nuclei [see figures 2
and 3 of Tan et al. (9)]. Therefore, fp Purkinje cells could also be
involved in some vestibular function. This finding is in agreement
with that reported for the lateral nodulus—uvula area, from which
Purkinje cells project to not only PBN but also vestibular nuclei
(7). Lesioning of this area impaired cardiovascular adjustment to
changes in head position and posture, suggesting that Purkinje
cells in this area contribute to the control of vestibulosympa-
thetic reflexes (39). One may suppose that fp is involved in not
only SSRs but also a certain vestibulo-autonomic function during
defense reactions; this function, however, has yet to be specified.

How is the circuit in Fig. 9 coupled with motor activities such as
quick locomotion in defense behavior? One way is feedback from
active muscles via mechanoreceptors or K* release. However, in
this study, we recognized that a hypothalamus/PAG stimulation
evoked short latency activity in nuchal muscles (Fig. 3 B and F),
which suggests the presence of a feedforward central command
that drives motor systems (40). This central command was not
affected by systemic administration of OX-1R antagonists (Fig. 3 D
and H). We may suppose that a nonorexinergic central command
comes from the mesencephalic locomotor region, but presently we
have little knowledge about its origin or relation to the feedback
from active muscles via mechanoreceptors or K™ release.

Orexinergic Neuromodulation. We have shown that orexin-immu-
nopositive fibers originate from the classic defense area in the
hypothalamus, extend branches through PAG, and reach the
flocculus with the highest density in fp. Two lines of evidence
indicate that these fibers mediate the hypothalamus/PAG stim-
ulation-induced excitation of fp Purkinje cells. First, OX-1R
antagonists effectively depressed this excitation (Fig. 4F). Sec-
ond, SAP-induced lesions of hypothalamic neurons markedly de-
creased the frequency of occurrence of the excitation among fp

Fig. 8. Electric foot shock-evoked changes of arte- A B
rial blood flow and blood pressure. (A) Redis- 10 - ml/min 10  mi/min e 120 rmmHg g )
trl.bujclon of arterial blood flow. Curves a and 5| e 5 P 8100 v».»,.ﬂxﬂ.wm
b indicate control FAF and VAF, and the superposed = A O - f M AR S o b

- i <) i~ e w  © f v 80 —
curves ¢ and d indicate FAF and VAF following sys- &= 0 fme*=s = C E 0[S R
temic administration of OX-1R antagonist. Each .E 5| d ’= i l-f
curve indicates an average of four trials in the same &, = D mmH
session. (B) Changes in arterial blood flow recorded ~ 5-10 S-10 ¢ % 20 1 g/’w‘», o
in the same rabbit as that whose data are shownin G ;5| b RPN S o™ N T
A before (curves a and b, same data as in A) and — 4_20 —

5 d after kainite injection into bilateral fp regions
(curves e and f, average of six trials). (C) Changes in
mean BP (MBP) evoked by foot-shock stimulation.
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Curve g, before kainite lesioning; curve h, after kainate lesioning. (D) Difference between the curves g and h. Horizontal bars indicate the period of foot

shock stimulation.
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Fig. 9. Neuronal circuit diagram for cerebellar control of defense reactions.
AMY, amygdala; BR, baroreceptor; CF, climbing fiber; fb, feedback pathway;
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Other abbreviations are defined in the text.

Purkinje cells (Table S2). Therefore, despite their dispersed
diffuse distribution in fp (Fig. 2), the orexin-immunopositive
fibers prove to exert a substantial excitatory action on Purkinje
cells. Peculiarly, there has been no literature confirming a sig-
nificant presence of OX-1 or OX-2 mRNA in the cerebellum of
rodents (41). Nevertheless, the absence of mRNA in cell somata
may not exclude the possibility that proteins of OX-1 or OX-2
exist in peripheral dendrites.

Orexin-immunopositive fibers are sparsely distributed and form
diffuse connections to their target neurons not only in fp but also in
broad areas of the brainstem, including PBN (42). This fact implies
that orexins released from these fibers do not provide input/output-
specific information, but they govern the general activity of their
target neurons and thereby switch the operational mode of the target
neuronal circuit in the manner of neuromodulation (43). In Fig. 9,
the dashed line labeled fb represents a return projection from the
PBN to the hypothalamic region where orexinergic neurons dis-
tribute (44). This projection may feed back orexin-evoked activi-
ties in the medulla and cerebellum to hypothalamic orexinergic
neurons. Orexins act on G protein-coupled receptors (45) and
excite target neurons (46) by inducing membrane depolarization
via a decrease in membrane conductance for potassium ions (47),
and possibly also via Ca®* entry through transient receptor potential
cation (TRPC) channels (48).

Innately fearful or fear-conditioned stimuli activate hypothalamic
orexinergic neurons via the amygdala (18). Activated orexinergic
neurons would switch the cardiovascular defense system to an alert
mode from other modes. Peripheral stimuli would then sensitively
evoke defense reactions. In a nonalert mode, in which orexinergic
neurons are inactive, the same peripheral stimuli may not evoke
defense reactions. This conjecture is supported by the present
finding that systemic administration of OX-1R antagonists de-
pressed the FS-evoked defense reactions (Fig. 84). The present
study provides a prototype of the selection mechanism for behavioral
repertoires via neuropeptidergic or aminergic neuromodulation.
Each peptide or amine may associate with a set of structures through
the spinal cord, brainstem, and cerebellum, which jointly express
a specific behavior.

Orexinergic fibers impinge also fm and f1-f4, less densely than
in fp but still significantly (Table S1). From these floccular folia,
Purkinje cells project axons to vestibular nuclear neurons me-
diating the vestibuloocular reflex (37, 38), but roles of orexins in
this reflex has not been clarified. Orexin A excites lateral ves-
tibular nuclear neurons and improves vestibular-related motor
behavior in rats (49), but the relevance of these neurons to the
flocculus remains unclear.

Cerebellar Control of Cardiovascular Defense Reactions. We found

that Purkinje cells in fp receive climbing fiber signals via the
aortic nerve (Fig. 74), which arise from baroreceptors that sense
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an increase in BP. Climbing fiber signals were also induced by
the hypothalamic stimulation (Fig. 7B). Because the latencies of
these signals (0.5-2.0 s) match those of the hypothalamus stim-
ulation-evoked BP increase (0.5-1.0 s, see Fig. 31), it is likely that
climbing fiber signals are evoked as a consequence of the tran-
sient BP increase. During the FS-induced redistribution of ar-
terial blood flow, BP increased modestly (by 20 mmHg; see
Results), and therefore the hypothalamus/PAG stimulation-
evoked relatively large BP increase (by 49 mmHg, see Results)
should imply errors in cardiovascular control. Intraarterial in-
jection of a high-potassium solution into muscles (Fig. 7B)
should also represent errors because it mimics the failure of
sufficient removal of potassium secreted from contracting muscle
fibers by an increased arterial blood flow. Potassium accumu-
lated in the interstitial space of active muscles stimulates group
IIT and IV afferents (50, 51). Activities of these afferents will
eventually reach the inferior olive as error signals. To summa-
rize, fp appears to adaptively control arterial blood flow to avoid
an excessive rise of BP and accumulation of potassium in active
muscles during defense reactions. This interpretation is consis-
tent with the general view that a cerebellar circuit learns by re-
ferring to climbing fiber error signals (2).

In Fig. 9, fp is connected to the neuronal circuits for cardio-
vascular defense reactions (SSP and SSR; see above) via PBN.
Comparison of FS-induced responses before and after fp
lesioning (Fig. 8 B, C, and D) revealed twofold roles of fp in
defense reactions. First, after fp lesioning, FS-induced FAF
increases became significantly larger whereas FS-induced VAF
decreases became significantly smaller and shorter-lasting. Ap-
parently, fp normally functions for effectively balancing arterial
blood flow in magnitude and time course between active muscles
and visceral organs/resting muscles. This balancing function must
be mediated by the sympathetic nervous system that regulates
vasodilatation and vasoconstriction. Second, fp lesioning im-
paired FS-induced modest BP increases, which either decreased
or were converted to decreases (Fig. 8D). Because BP is a func-
tion of vascular resistance and cardiac output, fp may regulate
BP in defense reactions by adjusting vaso-dilatation/-constriction
among arteries to achieve appropriate total vascular resistance.
The role of fp in defense reactions can thus be interpreted con-
sistently with the cerebellar adaptive control system model (2).

Materials and Methods

Animals. Male adult albino rabbits (2.4-3.1 kg) were obtained from Japan SLC
Inc. and were housed in an environment-controlled, 12-h-light/12-h-dark
room, receiving water and food ad libitum. In addition, male young (1.0 kg)
albino rabbits were similarly obtained, and they were used only for Dil
tracing. We followed the Guidelines for the Care and Use of Laboratory
Animals of RIKEN. The Wako Animal Experiment Committee of RIKEN ap-
proved the plan of our experiments.

Standard Surgery. A rabbit was anesthetized by an i.v. injection of urethane
(600 mg/kg body weight) and a-chloralose (60 mg/kg body weight), artifi-
cially respired, and mounted on a stereotaxic frame in a prone position. In
acute experiments, BP was monitored through a heparin-filled polyethylene
tube inserted into the abdominal aorta through the right femoral artery and
connected to a pressure gauge (MP-3, AP-600G, Nihon Kohden). After each
experiment, the rabbit was deeply anesthetized and perfused transcardially
with 1 L of PBS mixed with 10,000 units of heparin and then with 1.5 L of ice-
cold 4% paraformaldehyde in PBS.

Lesioning. Under urethane-a-chloralose-induced anesthesia, 490 ng of SAP
(Advanced Targeting Systems) in 0.5 pL of PBS (Otsuka) or 980 ng of SAP in
2 L of PBS was injected at one time to the hypothalamus using a Hamilton
syringe, bilaterally or unilaterally. In sham-operated rabbits, 1 uL of PBS
solution was bilaterally injected to the hypothalamus. Kainate solution
(0.1%, 1 pL at a time) was injected stereotaxically into bilateral fp regions.
Later histological examinations revealed the loss of Purkinje cells over large
parts of fp (Fig. S5).

Recording from Purkinje Cells. Glass microelectrodes were filled with a solu-
tion containing 2 M NaCl and Fast Green FCF dye (electric resistance, 3-5
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Mohm). Unit spikes of Purkinje cells conventionally recorded were analyzed
with a MAP System (Plexon Inc.) using MAP control software (RASPUTIN). To
analyze PSTHs, we adopted nonparametric statistical methods (WMW, WSS,
WSM). The permutation test of two independent data sets was also used (S/
Materials and Methods, Statistical Analysis).

lontophoretic Drug Application. Drugs were applied to Purkinje cells ionto-
phoretically through seven-barreled micropipettes (SI Materials and Meth-
ods, Microiontophoresis). Each barrel was filled with one of the following
solutions: 20 mM bicuculline methochloride in 0.165 M NaCl (pH 4.0), 4 mM
CNQX in 0.154 M NaCl (pH 7.0), 0.3 mM orexin-A (pH 7.0), or 0.5 mM
SB334867/5B408124 in 0.165 M NaCl (0.1% DMSO) (pH 6.0). All of the drugs
were purchased from Tocris or Sigma.

Axonal Transport Tracers. Tetramethylrhodamine and biotin conjugated Dextran
(10,000 MW, Lysin fixable, p-3312) and a vector (VECTASTAIN ABC Kit, Standard,
PK-4000) were purchased from Molecular Probes. The 0.02-0.1 pL of 5% solution
at a time was injected to fp bilaterally (28). One week later, the brain tissues
were cut to thin sections (45 pm thick).
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