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I. Introduction

The vestibular system mediates postural and 0@1&:
adjustments to changes in the position of the heag in
space. Signals originating in the horizontal, postegior,
and anterior semicircular canals provide information
about angular acceleration of the head, while the otolith
organs (saccule and utricle) convey inputs reflecting
linear acceleration due to either gravity or movemeng in
other directions. These inputs are processed in central
circuits that include vestibular nuclei and cerebellum to
produce compensatory vestibular reflexes (49, 228).
These physiological responses maintain gaze and pos-
tural stability in darkness when the head is fixed relative
to the trunk. Under normal physiological conditions,
though, these circuits also receive proprioceptive mputs
reflecting the movement of the head on the trunk and
visual inputs concerning the movement of the visual
surround with respect to the head. These inputs are then
used to generate compensatory motor responses to
changes of position of the head and body in three-
dimensional space. Thus, central vestibular circuits are
specialized for motor and sensory functions involved in
maintenance of postural and ocular stability.

There is a relative paucity of information about actions
of transmitters and neuromodulators in central vestib-
ular circuits. Although direct effects of neuroactive gom-
pounds on vestibular nuclear neurons have been reparted
in the literature (cf., 47, 114, 115, 137), our understanding
of the role of these compounds in maintenance of pos-

tural and ocular stability is rudimentary. This review
approaches the question of the role of neuropeptides in
vestibular system performance by focusing initially on
central vestibular symptoms that are elicited by direct
intracranial injections of neuroactive substances in con-
scious rats. This approach is essentially a pharmacolog-
ical perturbation analysis, which investigates the effects
of a specific chemical manipulation on spontaneous ac-
tivity (192, 208). The mechanisms producing effects in
these studies of global properties can then be dissected
by further experiments and attributed to actions at single
or multiple sites in central neural circuits. In the course
of studies of the behavioral and neurochemical effects of
centrally administered somatostatin (SRIF) (10, 12, 33,
35, 50, 84, 89, 104, 132, 219, 229), arginine-vasopressin
(AVP) (1, 26, 37-39, 50, 70, 105, 106, 117, 119, 156, 215,
232-235), lysine-vasopressin (1, 119), oxytocin (117,
119), opioid agonists and antagonists (52, 79, 91, 98, 103,
108, 163, 223), substance P (99, 130), bradykinin antag-
onists (162), and sulfonated derivatives of cholecystoki-
nin heptapeptide (133), investigators have reported an
unusual pattern of spontaneous motor activity: rats dis-
play transient attacks of ataxia, head tilt, nystagmus,
body sway, and listing of the body in the direction of the
head tilt. This progresses in many animals to a charac-
teristic behavior termed barrel rotation (50), where the
animal repeatedly rolls about its longitudinal axis. Al-
though barrel rotation has been variously interpreted in
the recent literature as a pathological effect (119), a
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convulsive disorder (1), a dystonia (184), or an effect at
the level of the vestibular nuclear complex (34-36), it
was well-recognized as a hallmark of unilateral damage
to central or peripheral vestibular circuits during the
early decades of the twentieth century (65, 74-78, 122,
127, 128, 129, 145, 149-151, 157, 167, 188-190, 221). The
response was first described in the literature by Pourfour
du Petit in 1710 (167) and Magendie in 1824 (129) after
damage to the cerebellar peduncles or vermal regions of
cerebellar cortex, and was later shown to be a character-
istic response of quadrupeds to asymmetric manipula-
tions of structures processing inputs from vertical (i.e.,
anterior or posterior) semicircular canals (cf., 149-151).
This communication examines this earlier literature
from the standpoint of actions of neuroactive substances
at central sites implicated in the production of barrel
rotation. The major goal of this review is to provide a
synthesis of findings from these diverse areas of the
literature. Such a synthesis is needed to develop hy-
potheses for sites of action of these peptides and, perhaps
more importantly, for identifying their putative roles in
vestibular physiology and pathophysiology.

The organization of this review can be summarized as
follows. After an initial introduction to motor symptoms
elicited by intracerebroventricular (i.c.v.) injections of
neuropeptides, a detailed analysis of our previous data is
presented to illustrate basic properties displayed by the
incidence and onset latency of symptoms after i.c.v.
injections of SRIF and AVP. This analysis argues that
barrel rotation is not a nonspecific precursor to a con-
vulsive syndrome elicited by the peptides; rather, it rep-
resents a specific response to the peptides. Further anal-
yses of the data regarding onset latency to barrel rotation
(BR), based upon hazard plotting techniques, suggest a
discrete underlying temporal basis for the phenomenon.
The ensuing sections of the review, then, integrate infor-
mation from diverse areas of the neurobiological litera-
ture into a cohesive framework for studying these effects
within the context of central neurotransmitter regulation
of postural and ocular equilibrium.

The problem of relating barrel rotation with actions
at specific sites in central vestibular circuits requires a
systematic review of both the pharmacology of the phe-
nomenon and a long history of neurobiological studies
establishing that barrel rotation is elicited specifically by
experimental manipulations of the vestibular nerve,
vestibular nuclei, and related central structures in quad-
rupeds. These topics are reviewed in Sections III and IV.
Section V, then, presents a multiple site model for the
temporal structure of barrel rotation and a synthetic
discussion of the possible correspondence of anatomic
sites with sites in the model, based upon the distribution
of endogenous peptides and receptors in central struc-
tures. This discussion concludes that endogenous neu-
ropeptides can elicit vestibular dysfunction via specific

actions at central sites, suggesting that they are impor-
tant modulators of central vestibular circuits.

II. Incidence and Temporal Dynamics of Motor
Dysfunction Elicited by SRIF and AVP: Peptide
Actions and Interactions

A. Overview: Neuropeptides, Vestibular Dysfunction and
Convulsions

Among neuropeptides that elicit distinct symptoms of
vestibular dysfunction, the properties of SRIF and AVP
have been documented in greatest detail. Studies of the
effects of injections of these peptides into either the
cerebral ventricles or central neural structures have re-
vealed specific symptoms of motor dysfunction in rats
(1, 10, 12, 26, 33, 35, 37-39, 50, 51, 70, 84, 89, 104-106,
117, 119, 131, 132, 156, 219, 229, 232, 235), which are
summarized in table 1. These symptoms can be classified
as representing a) a rapidly evolving, transient disequi-
librium syndrome, b) an acute convulsive syndrome, and
c) long-term symptoms indicative of pathological
changes in the central nervous system and/or altered
neural function. It is important to note that disequili-
brium and convulsive syndromes are mediated by at least
partially independent sites, since they are dissociable on
the basis of dose (10). After central injections of SRIF
and/or AVP, a proportion of the rats display transient
attacks of symptoms associated with acute vestibular
dysfunction, which include ataxia, head tilt, vertical,
horizontal or alternating nystagmus, body sway, and
listing of the body in the direction of head tilt. This
progresses in most animals to repetitive bouts of BR.
The duration of BR bouts is variable; it may appear
intermittently for a period ranging from less than 5 min
to 24 h. After bouts of symptoms of disequilibrium, some
animals display a convulsive syndrome, often signalled
by a vigorous scratching with the hindlimbs and pallor
of the extremities and pinnae. This usually progresses
further to dyspnea, apnea, and clonic-tonic seizures,
which may be related to hypoxia. These convulsive syn-
dromes can lead to significant mortality, which is fre-
quently associated with pulmonary edema. These acute
syndromes, then, appear to implicate central actions of
neuropeptides in vestibular physiology and pathophysi-
ology.

In addition to acute vestibular symptoms, chronic
vestibular effects have been observed several days after
SRIF or AVP administration. After SRIF administra-
tion, some rats display bouts of ataxia and vertiginous
symptoms for a 24- to 36-h period. This effect probably
reflects death of cerebellar Purkinje cells in lobules I to
IIT and IX to X (10). Administration of AVP, though,
has markedly different long-term effects: there is no
evidence of toxic effects on cerebellar Purkinje cells after
AVP administration (10); rather, the rats are sensitized
to the effects of a subsequent dose of AVP (106, 232,
233). A similar sensitization to centrally administered
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TABLE 1
Classification of neurepeptide-induced motor dysfunction
Disequilibrium Syndrome Convulsive Syndrome Long-Term Effects
1. Ataxia, nystagmus, and postural instability 1. Dyspnea 1. Ataxia, postural instability and
2. Apmsa Purkinje cell death with
SRIF
2. Barrel rotation 3. Clomic-tonic convulsions 2. Sensitization with AVP
4. Pulmonary edema
Repetitive, intermittent bouts Lethal Persistent

AVP has also been reported after manipulations leading
to vasopressin release in rats (37).

These documented effects of single doses of SRIF or
AVP raised the question of whether the effects aré*me-
diated by actions at common central sites. Our irfitial
studies (10) yielded the intriguing finding that the effects
of co-administered AVP and SRIF interact in a highly
nonlinear manner (10), which motivated a more detailed
examination of interactions between i.c.v. bolus ixjjec-
tions of these neuropeptides in conscious rats. Thus, we
examined interactions between co-administered i.c.v.
doses of SRIF and either vasopressin or (1-(8-me -
B,8-cyclopentamethylene propionic acid), 2-(O- 1)-
tyrosine)-Arg® vasopressin (mcAVP), a vasopressin an-
tagonist with anti-vasopressor activity. These experi-
ments have identified several important features of in-
teractive effects of neuropeptides to induce these syn-
dromes (9, 206). The incidence of barrel rotation and the
lethal convulsive syndrome did not reflect a simple ljmear
addition of effects of SRIF and AVP, and their relative
dose-response relations suggested that they are ’,nde-
pendent syndromes elicited by the peptides. When eom-
bined with data from our previous work (10, 12, 831-
234), these experiments also yielded the unexpected find-
ing that the time course of susceptibility to BR displays
several discrete states, characterized by discrete véilues
of the instantaneous rate of occurrence of this .
(13). These states are not related simply to the incidénce
of barrel rotation, and are not a simple linear funétion
of the doses of SRIF and AVP applied. In addition, these
discrete states of postural destabilization appeé to
change within discrete “latency windows.” This
that neuropeptides may be involved in setting or m
taining states of postural stability at central vestihalar
sites.

This section presents a comprehensive analysis of the
cumulative data base from our studies of motor respanses
after i.c.v. SRIF and AVP. In addition to describing basic
dose-response properties, this discussion is inte to
document both the nature of the data set and the fogic
that we have employed in analyses of incidence;and
latency data. This series of analyses, then, integiated
with both the earlier literature and recent data congern-
ing site-specific distribution and actions of these peptides
in the central nervous system, forms the basis for the

ensuing discussion of potential neural substrates for
neuropeptide-induced postural destabilization.

B. Incidence of Barrel Rotation and Mortality: Peptide
Effects on Trigger Mechanisms

1. Barrel rotation incidence. Examination of barrel
rotation incidence as a function of dose of SRIF and
either AVP or mcAVP reveals nonlinear interactions
between the peptides. The incidence data from our pre-
vious studies (9, 10, 206, 231-233) for different peptide
treatment groups are summarized in figs. 1 and 2 (upper
panels). The data for the 40 ug of SRIF (SRIF 40) group
represents a cumulative data set spanning several stud-
ies; the other groups represent results of individual stud-
ies. The barrel rotation incidences for 1 and 0.5 ug of
AVP (AVP 1 and AVP 0.5) alone are are 50% (232) and
24% (10), respectively; a dose of 1 ug of mcAVP does not
produce barrel rotation (231). The results of paired com-
parisons (x* tests) for these barrel rotation incidence
data are summarized in table 2. Two basic findings are
worthy of note. First, the SRIF 20-AVP 0.5 and SRIF
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F1G. 1. Incidence of barrel rotation and mortality as a function of
intracerebroventricular doses of SRIF alone (20 ug) or with either AVP
or mcAVP in conscious rats. The data are taken from references (9,
10, 206, 231-233) and unpublished experiments. The ratio of the
number of responsive rats to the number tested is listed for each
condition. The results of paired statistical comparisons of barrel rota-
tion incidences are summarized in table 2; paired comparisons for
mortality incidences are summarized in table 3.
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F16. 2. Incidence of barrel rotation and mortality as a function of
intracerebroventricular doses of SRIF alone (40 ug) or with either AVP
or mcAVP in conscious rats. The data are summarized from references
(9, 10, 206, 231-233) and unpublished experiments. The ratio of the
number of responsive rats to the number tested is listed for each
condition. The results of paired statistical comparisons of barrel rota-
tion incidences are summarized in table 2; paired comparisons for
mortality incidences are summarized in table 3.

40-AVP 0.5 groups displayed higher barrel rotation in-
cidences than either the SRIF 40 or the SRIF 20-AVP 1
groups. Second, the SRIF 20-AVP 1 group had a lower
BR incidence than the SRIF 40-AVP 1 group. These
findings indicate that the barrel rotation incidence is
affected significantly by interactions of SRIF and AVP,
but that the interactions are nonlinear. The addition of
0.5 ug of AVP to a 40 ug dose of SRIF increases the
incidence of barrel rotation beyond the effects of SRIF
alone. However, the addition of 1 ug of AVP or 1 ug of
mcAVP does not significantly alter the response to 40
ug of SRIF. By contrast, addition of either 0.5 ug of AVP
or 1 ug of mcAVP did not alter the barrel rotation
incidence from the level produced by 20 ug of SRIF
alone. Paradoxically, the addition of 1 ug of AVP to 20
ug of SRIF significantly depressed barrel rotation inci-
dence to a level less than the response to either SRIF
20-AVP 0.5, SRIF 40-AVP 0.5, or SRIF 40-AVP 1. Thus,
actions of AVP on SRIF-induced barrel rotation vary
with the dose of SRIF.

2. Direction of barrel rotation as a function of cannula
laterally: Emergence of a contralateral bias. One surpris-
ing property that emerged from these studies was the
finding that two combined peptide doses (40 ug of SRIF
and either 1 ug of AVP or 1 ug of mcAVP) produced a
significant directional preference for barrel rotation (9).
The rats in these groups tended to show barrel rotation
in a direction contralateral to the injected lateral ventri-
cle (p < 0.05, Fisher’s exact test). This preference was
absent for groups receiving 40 ug of SRIF and 0.5 ug of
AVP, 20 ug of SRIF and 0.5 ug of AVP, and 20 ug of
SRIF and 1 ug of AVP. Furthermore, this laterality effect
has not appeared in previous studies using doses of either
peptide alone (e.g., 1, 10, 12, 33-35, 119, 232). This
emergent laterality effect was independent of the barrel
rotation incidence in these groups. As discussed in Sec-
tion IV, the emergence of a laterality effect in vestibular
symptoms is of significance because it indicates an un-
derlying lateralization of an effect in central vestibular
circuits. Given the injection site in the lateral ventricle,
these data suggest that the destabilizing effects of SRIF
depend critically upon an AVP concentration window at
a telencephalic site. Either a unilateral high AVP con-
centration or blockade of receptors at this site, then, may
bias the response to SRIF in the contralateral direction.

3. Mortality. Mortality was an invariant endpoint of
the convulsive syndrome elicited by SRIF and AVP.
Thus, analyses of the incidences of these phenomena are
equivalent. The incidence of mortality after i.c.v. SRIF,
AVP, and combined doses of the peptides is summarized
from our previous studies (9, 10, 206, 231-233) in the
lower panel of figs. 1 and 2; the results of paired compar-
isons between treatment groups are summarized in table
3. The SRIF 40 and SRIF 20-AVP 0.5 groups represent
a cumulative data set from several studies (9, 10, 12,
206); data for other groups are taken from single studies.
Although mortality after either SRIF or AVP alone
increased with a dose of either peptide, the effects of
combined doses of peptides were not simply additive. For
example, a combination of 20 ug of SRIF and 0.5 ug of
AVP produced greater mortality than predicted for either
peptide alone (Fisher’s exact test, p < 0.01), while the
effects of 40 ug of SRIF were depressed by addition of 1
ug of AVP (x?test, p < 0.05). The addition of the AVP
antagonist, mcAVP, to 40 ug of SRIF produced only a
marginal decrease in mortality compared to the effects

TABLE 2
Statistical differences in barrel rotation incidence as a function of peptide dose®
SRIF 20 SRIF 40 SRIF 40 SRIF 20 SRIF 20 SRIF 40 SRIF 40 SRIF 20
AVP AVP AVP1 mcAVP 1 mcAVP 1 AVP1
0.5 0.5

*The peptide treatment groups from the upper panels of figs. 1 and 2 are listed (from left to right) in descending order of barrel rotation
incidence. Treatment groups that do not differ significantly (p > 0.05, x* test, paired comparisons) are indicated by each level of underlining.
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of SRIF alone. This indicates that both peptides interact
at the level of mechanisms producing lethal convulsive
symptoms.

The incidence of mortality after combined doses: of
SRIF and AVP indicates that different interactions be-
tween SRIF and AVP produce disequilibrium and the
lethal convulsive syndrome. These interactive effects are
best appreciated by consideration, first, of the effects of
doses of SRIF at fixed doses of AVP and mcAVP and
second, of the effects of doses of mcAVP and AVP at
fixed doses of SRIF (figs. 1 and 2 and table 3). First, for
each dose of AVP or mcAVP, different rules for i
actions appear to govern mechanisms mediating conwul-
sions and mortality. For 1 ug of mcAVP, as in the absemce
of AVP, mortality emerged only in the presence of 40 ng
of SRIF, but at a rate lower than for the SRIF doeee
alone. For 0.5 ug of AVP, mortality was significantly
potentiated when the peptide was co-administered with
20 ug of SRIF; the addition of 40 ug of SRIF did not
significantly affect mortality beyond the level produted
by either 40 ug of SRIF alone or 20 ug of SRIF and 1 ug
of AVP. Finally, mortality was unaffected when 1 ug of
AVP was combined with either dose of SRIF. Thus,
although the 1 ug of AVP appears to be sufficient to
saturate mechanisms mediating convulsions, it appears
that these mechanisms are sensitive to both SRIF and
AVP when lower AVP doses are employed. -

This concept of two different operating domains. for
mechanisms underlying the lethal convulsive syndreme
is also apparent from the effects of mcAVP or AVP on
responses to fixed SRIF doses. For a 20 ug SRIF dose,
the addition of 0.5 ug of AVP resulted in a mortality sate
1 greater than for either peptide alone. By contrast, ¢he
response after addition of 1 ug of AVP mirrored the
effects of AVP alone. For the 40 ug SRIF dose, though,
there was a different pattern of interaction. Additios of
either 1 ug of AVP or 1 ug of mcAVP, depressed mortality
from the level produced by the SRIF dose alone p < @.05,
x” test). The decrease produced by addition of 0.5 ;g of
AVP was not significant (p > 0.05). It is intemﬁag
note that the mortality rate in rats given 40 ug of S§
and 1 ug of either AVP or mcAVP was equivalent tothe
level produced by 1 ug of AVP alone in our previous
studies (232). This suggests that 1 ug of AVP can occlude
the response to 40 ug of SRIF, but that lower doses of
AVP interact nonlinearly with SRIF to produce congul-
sions leading to death. In particular, the equivalent ef-

fects of combined doses of SRIF and either AVP or
mcAVP suggest that the mechanism(s) producing mor-
tality are sensitive to endogenous AVP.

4. Independence of barrel rotation incidence and mor-
tality: Separate trigger mechanisms for disequilibrium and
convulsive symptoms. Comparisons of the incidences of
barrel rotation and mortality confirm the previous ob-
servation that these effects are dissociable on the basis
of dose (e.g., 10). The fact that statistically similar inci-
dences of barrel rotation are associated with markedly
different mortality rates is obvious from inspection of
figs. 1 and 2; the data are shown as a scatter plot in fig.
3 to illustrate the lack of a relationship. This simple
observation, though, also reflects more profound differ-
ences in the expression of disequilibrium (dependent
variable: barrel rotation) and convulsive (dependent vari-
able: mortality) symptoms as a function of neuropeptide
interactions. As discussed above (figs. 1 and 2), the
mortality from a 1 ug of AVP dose is not affected by
addition of either 20 or 40 ug of SRIF; however, addition
of 40 ug of SRIF produced a significant increment in
barrel rotation to the level produced by SRIF alone.
Similarly, while a combined dose of 40 ug of SRIF and
0.5 ug of AVP produced a marginal, but not significant
reduction in mortality from the level expected for SRIF
alone, it produced a significant elevation in the incidence
of barrel rotation. This suggests that the rules of inter-
action of i.c.v. SRIF and AVP are distinct at the sites
eliciting vertiginous and convulsive symptoms. This fea-
ture of the data is consistent with the view that barrel
rotation is not a precursor to a convulsive syndrome;
rather, barrel rotation and lethal convulsions are inde-
pendent peptide effects.

C. Barrel Rotation: Changes in Discrete States of
Postural Destabilization during “Latency Windows”

1. General configuration of hazard functions for barrel
rotation latencies. The latency to barrel rotation is an
example of a “waiting time” measurement, which is most
appropriately analyzed by statistical methods for lifetime
data (58, 113, 122). We have adopted a hazard plotting
approach to analysis of barrel rotation data (10, 232,
233), which permits a graphical estimation of the hazard
function from plots of the cumulative hazard function
for the data set (113). Briefly, the underlying hazard
function for peptide-induced barrel rotation is based on
a two-parameter exponential model. This distribution is
described by two parameters, a threshold latency param-

TABLE 3
Statistical differences in the incidence of mortality as a function of peptide dose®
SRIF 40 SRIF 20 SRIF 40 SRIF:20 SRIF 40 SRIF 40 AVP1 AVP 0.5
AVP 0.5 AVP 0.5 AVP1 mcAVP 1 AVP1

“ The peptide treatment groups from the lower panels of figs. 1 and 2 and other published reports (9, 232) are listed (from left to right) in
descending order of incidence. Treatment groups that do not differ significantly (p > 0.05, x* or Fisher’s exact test, paired comparisons) are
indicated by each level of underlining. There was no mortality in the SRIF 20, SRIF 20-mcAVP 1 and 1 ug mcAVP groups (206, 231).
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F1G. 3. Scatter plot illustrating the lack of a relationship between
the incidence of barrel rotation and mortality in conscious rats after
intracerebroventricular injection of SRIF alone, AVP alone, or com-
bined peptide doses. This plot is constructed from the eight conditions
in figs. 1 and 2 and data from references (9, 227-229). Each point on
the plot represents one experimental condition. No statistically signif-
icant pattern is evident.

eter, u, which expresses the minimum latency to barrel
rotation in the population, and a hazard parameter, 67,
which expresses the instantaneous probability of the
onset of barrel rotation as a function of time. Under
ambient illumination, either i.c.v. AVP or SRIF produces
hazard functions consisting of two constant hazard ep-
ochs; after a minimum latency, a high hazard period is
followed by an abrupt transition to a low hazard period
(10, 232, 233). For other experimental manipulations,
though, a single two-parameter exponential function was
observed (232, 233).

The hazard functions for barrel rotation after com-
bined injections of SRIF and either mcAVP or AVP
show the same configuration as for injections of either
peptide alone under ambient illumination conditions
(Figs. 4 and 5). These graphs represent the instantaneous
probability of the initiation of barrel rotation (hazard in
units of %/s) as a function of time after i.c.v. injection
of different peptide combinations. The least-squares es-
timates of the hazard parameter were obtained as the
slope of the cumulative hazard plots (10, 113, 232, 233),
and are reported with both correlation coefficients and
standard deviation estimators (s, ref. 95). After a thresh-
old latency (u), there was an initial high hazard epoch,
followed by a second lower hazard epoch that continued
up to 1045 s after peptide injection. This indicates that
the general properties of mechanisms underlying the
temporal development of barrel rotation are not altered
by co-administration of SRIF, AVP, and mcAVP. This
invariance in the general configuration of the hazard
function is consistent with the hypothesis that SRIF and
AVP elicit barrel rotation at sites that provide conver-
gent input onto central, postural stabilization mecha-
nisms. The degree of central postural destabilization,
then, is reflected in both the magnitude and the location
of the hazard function. The magnitude is reflected by the
hazard parameter (§7"); the location is reflected by the

2
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! 0.49 0.10
[ 1 ocexoos
——————— ==
190 200 300 1020
g 4
g 3.32+ 0.23
31
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Z 2
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c “
w
* 0.16 + 0.20
: . =
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v v

100 200 300 680
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F16. 4. Hazard functions for the onset of barrel rotation after
intracerebroventricular injection of SRIF (20 ug) alone or with either
AVP or mcAVP in conscious rats (206). The 6~ parameter is repre-
sented on the y-axis as a function of time after peptide administration.
The value of this parameter +s, is specified separately for the two
constant hazard epochs that characterize each condition. The u param-
eter represents the time of onset of the first hazard phase; values are
listed in table 5.

minimum latency (x) and median latency for each dose

of peptides.

The analysis that follows will describe effects of SRIF
and AVP on the time course of barrel rotation onset,
stressing insights gained by hazard analysis. As an over-
view, salient properties of these hazard functions are
summarized as follows:

1. Addition of 1 ug of mcAVP to 20 ug of SRIF did not
affect either the minimum latency or the initial or
late phase 6~' (206) from findings for 20 ug of SRIF
alone (10).

2. Addition of 1 ug of mcAVP to 40 ug of SRIF signifi-
cantly reduced the initial phase 6~ (p < 0.05) from
the values from the cumulative 40 ug of SRIF data
set, without affecting the minimum latency or late
phase 67 (9).

3. Addition of either 0.5 or 1 ug of AVP to 20 ug of SRIF
both increased the initial phase 8~ and decreased the
minimum latency (206) from the previously reported
values for the SRIF dose alone (10).

4. Addition of either 0.5 or 1 ug of AVP to 40 ug of SRIF
did not affect the hazard function (9).

2. Hazard epochs as discrete states: peptides and discrete
levels of postural destabilization. Consideration of the
cumulative data base from our previous studies revealed
a remarkable feature of hazard functions for barrel ro-
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F1G. 5. Hazard functions for the onset of barrel rotation r
intracerebroventricular injection of SRIF (40 ug) alone or with
AVP or mcAVP in conscious rats (9). The 6~ parameter is
on the y-axis as a function of time after peptide administration. The
value of this parameter +s, specified separately for the two
hazard epochs that characterize each condition. The y paramgter
represents the time of onset of the first hazard phase; values are listed
in table 4.

tation latency: the probabilities of the onset of bakrel
rotation during the initial and late hazard phases reflect
at least four discrete states of postural destabilization.
This is most obvious after consideration of the values of
the hazard parameter (6™') across experimental groups
(table 4). The hazard parameter values can be sorted into
four groups, labeled states 1 through 4 in table 4, across
16 different treatments. One-way analysis of variahce
(with state as a factor with four levels) showed a highly
significant difference in §~' values between states (p <
0.001), and Scheffé tests (paired comparisons of stsfes)
indicated that the states each are characterized lﬁ a
distinct 6~ value (p < 0.05 for all comparisons). Thus,
hazard analysis has revealed a previously unsuspedted
aspect of the vertiginous symptoms of peptides leading
to barrel rotation: there are at least four discrete stétes
of neuropeptide-induced postural destabilization.

The identification of these four underlying states of
neuropeptide-induced postural destabilization provides a
framework for evuluating the effects of SRIF and AVP
mechanisms in the time course of barrel rotation. Siace
the late phase hazard was not affected by combiped
peptide treatment, we only consider effects on either the
location of the entire hazard distribution or on 67" during

the initial phase. For comparative purposes, the initial
phase hazard values are graphed as a function of peptide
treatment in fig. 6. Although the initial phase hazard
increased with the dose of either AVP or SRIF alone,
there is no simple relationship between the dose of co-
administered peptides and the initial phase 8~'. The
relationship is clearly nonlinear. However, two properties
are worthy of note. First, the addition of 1 ug of mcAVP
to 40 ug of SRIF significantly depressed the initial phase
07! produced by the latter peptide alone (p < 0.05). The
decrease in initial phase §~' produced by adding 1 ug of
mcAVP to 20 ug of SRIF was not significant. In the
hazard state terminology, addition of 1 ug of mcAVP to
40 ug of SRIF reduced the initial phase 6~ from state 3
to state 2, while the initial phase 6™ values of the
response to 20 ug of SRIF and 1 ug of mcAVP-20 ug of
SRIF were both state 2. This implies that endogenous
AVP contributes to the increment from a state 2 to a
state 3 initial phase 67! when the SRIF dose is increased
from 20 to 40 ug. The second point of interest is that the
effects of AVP on initial phase 6™ varied with the dose
of SRIF (fig 6, left panel). The initial phase 67! state for
a 40-ug SRIF dose was not affected by either AVP dose
employed. However, the initial phase 67! state for a 20
ug dose was markedly potentiated (p < 0.05) from state
2 to state 4 by addition of 0.5 ug of AVP, while the state
3 initial phase response produced by 20 ug of SRIF and
1 ug of AVP was significantly lower than the response to
20 ug of SRIF-0.5 ug of AVP and significantly higher
than the response to 20 ug of SRIF alone. This indicates
that the state of postural destabilization after i.c.v. SRIF
and AVP is sensitive to interactions between the pep-
tides. In particular, the initial phase 6~ appears to be
stable for higher doses of both peptides, suggesting that
interactions are most potent at subsaturating doses.

3. Nonparametric analyses: further support for discrete
destabilization states in barrel rotation. Hazard analysis
has the advantage of providing a parametric method for
analyzing barrel rotation latency data. Since all the
latency data sets are non-Gaussian but identically dis-
tributed, an alternative approach is to test for shifts in
the location of the barrel rotation latency distribution
with nonparametric methods. Application of this ap-
proach to the collective data set revealed that there were
significant differences in barrel rotation latency data
from different treatment groups (Kruskal-Wallis test, p
< 0.001), and the significant differences from paired
comparisons by Mann-Whitney U tests are summarized
in table 5. As predicted by the hazard analysis, these
nonparametric analyses revealed three different classes
of barrel rotation latency responses to i.c.v. neuropep-
tides. The distribution with the shortest latency corre-
sponded to the groups with a state 4 initial hazard phase,
consistent with a greater risk per second of barrel rota-
tion initiation. The intermediate class had a longer me-
dian barrel rotation latency after peptide exposure, and
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TABLE 4
Hazard Epochs as States of Destabilization®
- Onset
State 0+ s, Treatment Phase latency N
4 3.32+0.23 SRIF 20-AVP 0.5, light, naive Initial 41s 24
4 2.79 + 0.68 AVP 1, light, naive Initial 488 >30
4 2.40 £ 0.38 AVP 0.5, light, sensitized Initial 30s >30
4 3.05 + 0.18 AVP 0.5, dark, sensitized Only 308 26
4 3.44 1+ 0.40 AVP 0.5, labyrin, light, sensitized Only 288 20
4 447+ 094 AVP 0.5, labyrin, dark, sensitized Only 32s 21
4 3.42 +0.40 AVP 0.5, 3-AP, light, sensitized Only 80s 19
4 3.39 + 0.40 AVP 0.5, 3-AP, dark, sensitized © Only 298 18
3 0.91 + 0.08 SRIF 40, light, naive Initial 238 34
3 0.98 + 0.12 SRIF 40-AVP 0.5, light, naive Initial 40s 18
3 1.10 + 0.12 SRIF 40-AVP 1, light, naive Initial 208 24
3 0.88 + 0.12 SRIF 20-AVP 1, light, naive Initial 408 15
2 0.62 +0.11 SRIF 20, light, naive Initial 788 9
2 0.47 £ 0.11 AVP 0.5, light, naive Initial 468 6
2 0.49 + 0.10 SRIF 20-mcAVP 1, light naive Initial 78 9
2 0.49 + 0.09 SRIF 40-mcAVP 1, light, naive Initial 498 16
2 0.46 + 0.14 AVP 0.5, light, sensitized Late 738 >10
1 0.08 + 0.08 SRIF 40, light, naive Late 1168 15
1 0.11 +£0.18 SRIF 20, light, naive Late 206 8 4
1 0.08 £+ 0.06 SRIF 20-mcAVP 1, light, naive Late 176 8 7
1 0.16 £ 0.20 SRIF 20-AVP 0.5, light, naive Late 48 6
1 0.05 + 0.12 SRIF 20-AVP 1, light, naive Late 1168 4
1 0.09 +£0.14 SRIF 40-mcAVP 1, light, naive Late 1998 4
1 0.14 £ 0.10 SRIF 40-AVP 0.5, light, naive Late 1108 11
1 0.11 + 0.09 SRIF 40-AVP 1, light, naive Late 1208 12
? 0.81 + 0.31 AVP 1, light, naive Late 738 >10
Drug pretreatment groups
Data from AVP 0.5, light, sensitized condition
4 3.85 + 0.81 Atropine (5 mg/kg) day 1 Only 3b6s 13
4 278 £ 0.13 Atropine (5 mg/kg) day 3 Only 4238 20
4 1.95 + 0.10 Atropine (5 mg/kg) days 1 and 3 Only 3M4s 20
4 2.00 £ 0.10 Diazepam (5 mg/kg) day 3 Only 88s 17
4 3.50 + 0.52 Phenobarbital (50 mg/kg) day 3 Only 658 15
4 2.37 £ 0.01 Phenytoin (100 mg/kg) day 3 Only 558 15
4 2.69 + 0.11 Phenytoin (200 mg/kg) day 3 Only 1418 18
4 2.19 + 0.05 Valproic acid (125 mg/kg) day 3 Only 1368 19
4 2.49 + 0.03 Valproic acid (250 mg/kg) day 3 Only 408 16

¢ Abbreviations: This table summarizes the parameters of the hazard functions for barrel rotation onset in different peptide groups from our
previous studies (9, 10, 206, 232, 233) and unpublished results. The onset latency designates u for initial high hazard phase and , for the late,
low hazard phase of biphasic hazard functions. For hazard functions with only a single, high hazard phase, u is listed. The number of animals in
each phase (N) is listed in the last column. All numbers after peptides refer to doses in ug. Naive rats received no prior peptide treatment.
Sensitized rats received 1 ug of AVP 2 days prior to testing; the test date is termed day 3. Light indicates that testing was done under normal
ambient illumination; dark indicates testing in darkness. Groups of animals with inferior olivary ablation by 3-acetylpyridine intoxication are
designated by 3-AP; labyrinthectomy is abbreviated labyrin. For drug-pretreated animals, the day of drug treatment is also listed.

comprised treatment groups displaying a state 3 initial
hazard phase. Finally, the treatments in the response
class displaying the longest median latencies corre-
sponded to the groups with the lowest initial hazard
phase for barrel rotation (state 2) and with longer mini-
mum barrel rotation latencies, reflecting both a longer
threshold time for triggering the response and a lower
risk of barrel rotation initiation per second after peptide
administration. These analyses, then, provide further
evidence that i.c.v. injections of SRIF and AVP can
produce discrete states of postural destabilization, cul-
minating in barrel rotation.

4. Evidence for discrete “latency windows” for hazard
state changes. The observation that SRIF and AVP can
induce four discrete hazard states for BR initiation leads
to the obvious question of whether the latencies of state
changes are also discrete. Fig. 7 shows a histogram of the
minimum BR latencies (black bars), transition latencies
from initial to late 4~ BR epochs (white bars), and
maximum BR latencies (shaded bars) for the treatment
conditions listed in table 4. These latencies are not
distributed either uniformly (Kolmogorov-Smirnov D or
Kuiper’s V statistic, p > 0.15) or continuously; rather,
they appear to be grouped in a series of discrete “latency
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F1G. 6. The relationship of the initial phase hazard parameter (#*)
to applied intracerebroventricular doses of SRIF and AVP to ’
rats. The effects of adding AVP or mcAVP to fixed SRIF doses-are
shown in the left panel; the effects of adding SRIF to fixed AVP or
mcAVP doses are illustrated on the right. Note the nonlinear integac-
tion between the peptides.

windows.” The earliest window, designated T, conajs
exclusively of values for the initial (or the only) epg:)‘f
BR initiation. The T, latencies range from 20 to 5§ s,
with a mean latency of 37.2 + 2.3 (SEM) s. The second
latency window, termed T, consists of both transitjon
latencies to the late hazard epoch for BR (x,) and mini-
mum BR latencies (u) for different treatment groups.
These latencies range from 73 to 88 s, with a mean
latency of 77.3 £ 2.0 s. A third window, termed T, begins
at 105 s and extends until at least 128 s after pepéide
injection. Although the paucity of observations in this
range does not permit reliable discrimination of either
the upper bound of T or the boundaries of other cam-
ponents. the clustering of observations in the 138 to 1564
8, 170 to 180 s, 660 to 720 s and 991 to 1045 s
suggests the potential existence of other latency win-
dows. The possibility of these longer latency time win-
dows for changes in hazard states should be clarified
when effects of these neuropeptides are observed ower
other experimental conditions.

A single latency window is not characteristic for a
particular hazard state (fig. 8A). For example, state 4
epochs may begin in the periods designated T, T,, or a
longer component (possibly T3) in the limited conditions
in the literature, while state 2 may begin in either T, or
T.. Similarly, the onset of state 1 occurs across several
latency windows. These data suggest, then, that the
latency windows for state transitions reflect temporal
dynamics of trigger mechanisms. These dynamics appear
to be partially independent of the value of 6~ during the
ensuing hazard epoch. This partial independence forms
the basis for a hypothesis (see section V A) that 47!
states are determined by perturbations of neuronal activ-
ity at single or multiple sites in central vestibular circuits.
By contrast, the latency windows for state transition
would represent temporal characteristics of central cir-
cuits attempting to compensate for this central func-
tional imbalance.

5. Hazard epoch durations: a discrete distribution? The
existence of discrete BR hazard states and discrete la-
tency windows for state changes raises the possibility
that the durations of individual hazard states will be
discrete. This issue is important because it reveals infor-
mation about the the temporal stability of neural circuits
producing postural destabilation. Fig. 8B shows a histo-
gram of hazard state durations. As expected, the distri-
bution is not uniform; rather, it appears that there are
discrete durations that are possible for each state, prior
to either the last rat beginning BR or a drop to a lower
hazard state. Although these data are suggestive of char-
acteristic temporal properties of hazard states, more data
are needed to demarcate duration groups robustly.

D. Relationship between Barrel Rotation Latency and
Susceptibility to Lethal Convulsions: Intersecting Dose
Domains for Independent Events.

The incidence data in figs. 1 through 3 clearly dem-
onstrated that the vertiginous and convulsive effects are
dissociable on the basis of dose, suggesting a lower dose
threshold for barrel rotation than convulsive disorders
culminating in death. However, as noted in a previous
publication (10), the hazard plot for barrel rotation la-
tencies predicted the mortality for both 40 ug of SRIF

TABLE 5
Barrel rotation latency as an index of states of postural destabilization®
SRIF 20 SRIF 40 SRIF 40 SR]FIG SRIF 20 SRIF 40 SRIF 20 SRIF 20
AVP 0.5 AVP1 AVP 0.5 AVP 1 mcAVP 1 mcAVP 1
49s 638 69s 63s 68s 94s 1358 101 s
31s 20s 40 s 23s 408 498 78 s 75s
STATE STATE STATE

INITIAL PHASE HAZARD

*The different experimental treatment groups are listed with median and minimum barrel rotation latencies; the minimum latencies are

italicized. Treatment groups that are not signifcantly different by Mann-Whitney U tests (p > 0.05) are underlined.
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F1G. 7. Frequency histogram displaying the distribution of the pa-
rameters of hazard functions for barrel rotation as a function of time
after peptide administration to conscious rats (13). This figure is a
composite of the 25 conditions summarized in table 4. The parameters
are illustrated separately for the onset of the initial phase (u), the
transition to the late phase (u,), and the end of risk of barrel rotation
onset (u,) These hazard phase transitions are not distributed uniformly
(p > 0.15, Kolmogorov-Smirnov D and Kuiper’s V tests). Rather, they
are clustered in latency windows. The most distinct of these windows
are labeled T, through T,.
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F1G. 8. Histograms of onset latencies (A) and durations (B) of
hazard states defined in table 4. The frequency of occurrence of onset
latencies of states 1 to 4 across 25 intracerebroventricular peptide
conditions is illustrated in the upper histogram (A). The time windows
(T,-T,) are identical to fig. 7. The lower histogram (B) illustrates the
frequency of occurrence of different state durations for states 2 to 4;
state 1 durations are omitted because they are much greater than other
state durations listed. Note the nonuniform distribution in both his-

tograms.

and 20 ug of SRIF-0.5 ug of AVP treated rats; this
relationship did not hold for rats given AVP alone. The
previous result was striking: 97% of the rats that died in
the two groups showed barrel rotation during the initial,
high hazard phase, and 80% of the rats in the initial
hazard phase died after displaying barrel rotation. These
data suggested that both the location and duration of the
initial hazard phase for barrel rotation predicted sensi-
tivity to the convulsive effects of SRIF.

A predictive relationship between barrel rotation in-
cidence during the initial, high hazard phase and subse-
quent convulsions and death of the animal is supported
by results from SRIF-treated groups. However, this re-
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F1G. 9. Incidence of mortality in conscious rats that showed barrel
rotation during the initial phase of the hazard function. These data are
based upon a subset of the data presented in figs. 1 and 2. The
proportion of rats that displayed lethal convulsions after displaying
barrel rotation in the initial hazard epoch is listed for each peptide
dose condition. Statistical analyses are presented in the text. Note that
the incidence of lethal convulsions in these rats is not a simple function
of peptide doses applied.

lationship is not a simple function of peptide treatment,
barrel rotation incidence, or the barrel rotation hazard
function. First, mortality was only observed in conditions
where the minimum latency for barrel rotation was less
than about 50 s; the two conditions with minimum laten-
cies greater than 70 s (20 ug of SRIF and 20 ug of SRIF-
1 ug of AVP) did not produce mortality. Second, as shown
in fig. 9, animals displaying barrel rotation during the
initial, high hazard phase were highly susceptible to the
convulsive syndrome leading to death. Across all dose
conditions producing mortality, 65 of 70 (93%) of the
rats that displayed lethal convulsions had previously
displayed barrel rotation during the initial, high 6! phase
of the hazard function. These first two factors were
reflected in significantly shorter barrel rotation latencies
in animals that died versus animals that survived across
groups (Mann-Whitney U test, p < 0.001). However, the
probability of mortality of rats displaying initial phase
barrel rotation varied with the condition and was not
simply a function of the minimum latency or the value
of 67! in the initial phase. The incidence of mortality of
rats displaying initial phase barrel rotation was signifi-
cantly higher for the 40 ug of SRIF group than for any
other group (x?-square test, p < 0.05); there were no
other significant intergroup differences. This indicates
that the dose of SRIF determines whether addition of
AVP will potentiate or depress the probability that rats
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displaying initial phase barrel rotation will undergo le-
thal convulsions. For the lower (20 xg) SRIF dose, addi-
tion of AVP shifted the hazard function to the left (see
previous section) and increased the probability that rats
undergoing initial phase barrel rotation will display con-
vulsive symptoms resulting in death. However, addition
of either AVP or mcAVP to the higher dose of SRIF (40
ug) significantly depressed the incidence of mortality in
the animals displaying initial phase barrel rotation. It is
critical to note, though, that the hazard function was not
affected significantly by addition of AVP to 40 ug of
SRIF, implying that the apparent linkage between barrel
rotation latency and mortality reflects interactions of
the peptides is at independent sites mediating vertiginous
and convulsive syndromes.

The implication that peptide interactions in two sep-
arate mechanisms underlie the apparent correlation be-
tween barrel rotation latency and mortality is also sup-
ported by comparisons of the barrel rotation latencies of
rats which died versus those which survived in the dif-
ferent groups. Mann-Whitney U test comparisons be-
tween barrel rotation latencies of surviving or dying rats
in each group revealed significantly shorter barrel rota-
tion latencies for rats that died versus those that survived
after receiving either 40 ug of SRIF alone or 40 xg of
SRIF and 1 ug of mcAVP; there were no signiffcant
barrel rotation latency differences as a function of sub-
sequent mortality in any other treatment groups. This
suggests that endogenous AVP is an important facter in
the intersecting dose domains for postural destabilization
and susceptibility to lethal convulsions.

An important effect of AVP on the strength of barrel
rotation latency as a predictor of the occurrence of sub-
sequent lethal convulsions is indicated by results of
multiple regression analysis. These analyses examined
the percent mortality in each group as a linear funetion
of AVP dose, mcAVP dose, SRIF dose, initial phase
hazard (67?) or initial phase hazard state (see taliles 4
and 5), minimum barrel rotation latency, and median
barrel rotation latency. The incidence of mortality was
predicted as a linear function of three variables: #ini-
mum barrel rotation latency, initial phase hazard state
and dose of AVP (adjusted r* = 0.82, p < 0.005, table 6).

E. Neurotoxicity

All protocols employing i.c.v. SRIF have prodmced
degenerating Purkinje cells in the cerebellar cortex.(fig.
10). As reported previously (10, 12), degenerating axons
could be traced through the cerebellar white matter to
terminal fields in the fastigial and vestibular nuclei. A
detailed analysis of the patterns of degeneration will be
the subject of a separate communication. There is no
evidence that mcAVP or AVP either potentiated er in-
hibited cerebellar neurotoxicity (9, 206). Since i.c.v. AVP
does not appear to be toxic in the cerebellar cortex at
doses employed, Purkinje cell degeneration may be a
specific effect of SRIF on cerebellar circuits.

TABLE 6
Muiltiple regression analysis of incidence of mortality as a function of
AVP dose and the minimum barrel rotation latency and initial phase
07! state for barrel rotation®

Equation 1:
Incidence of mortality = b, [Davp] + bz u + by [6,] + ¢

b, + SE = —0.243 + 0.064

b; + SE = —0.006 + 0.002

by £ SE= 0.093 + 0.041
constant = 0.308

Multiple correlation: 0.938 F(3,6) = 14.672 p < 0.006
Adjusted r*: 0.820

Equation 2:
Incidence of mortality = b, [Dave) + by u + ¢

b + SE = —0.193 £ 0.076
by + SE = —0.008 + 0.002
c=0.634

Multiple correlation: 0.882 F(3,6) = 12.212 p <0.01
Adjusted r*: 0.713

* The initial phase 6~ states for each dose protocol are summarized
in Table 4. The dose protocols used in the regression analysis were
SRIF, AVP, SRIF + AVP, and SRIF + mcAVP from the experiments
on naive rats summarized in Table 4. In these equations, D,vp repre-
sents the dose of AVP (in ug) or mcAVP (in —ug), u represents the
minimum barrel rotation latency for treatment group, and 6, represents
the discrete value of the state (2-4) of the value of #~! during the initial
phase of the barrel rotaion hazard function. The regression estimates
of the coefficients b,, bs, b; and ¢ are also listed. These models provided
the best fit to the data set.

II1. Pharmacology of Barrel Rotation

A. Lethal Convulsions and Barrel Rotation as
Independent Events

Studies of the effects of i.c.v. AVP and SRIF suggest
that mechanisms producing barrel rotation and lethal
convulsions are independent. One consistent finding is
that the incidences of these phenomena are dissociable
on the basis of dose. Although both responses display
reasonably flat dose-response relations, the threshold
dose is lower for barrel rotation than mortality for i.c.v.
administration of either peptide alone (1, 10, 119). As a
result, lethal convulsions with attendent pulmonary
edema were not observed in a number of studies employ-
ing i.c.v. doses of somatostatin in a range up to 25 ug (1,
10, 33, 35, 50, 84, 89, 104, 132, 219, 229). Furthermore,
barrel rotation is not an obligatory prelude to the onset
of the convulsive syndrome; some rats die from convul-
sive sequelae without previous barrel rotation (10). A
dissociation between the incidence of these two syn-
dromes was also apparent for the combined doses of the
peptides in our studies (fig. 3). This implies that at least
partially independent sites and mechanisms are involved
in the generation of the two syndromes.

Despite the evidence for independent mechanisms for
neuropeptide-induced barrel rotation and lethal convul-
sions, there is some evidence that susceptibility to these
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F1G. 10. Photomicrographs displaying degenerating cerebellar Pur-
kinje cell somata (P) and dendrites (upper panel) and axons (lower
panel) in a rat given 40 ug of SRIF. The selective silver degeneration
stain (cupric-silver method) yields a dense black precipitate in degen-
erating neural processes. The appearance of degenerating Purkinje cells
is characteristic of all SRIF-treated groups of rats. The calibration bars
represent 100 um in the upper panel and 50 um in the lower panel.

events may be correlated under certain dose conditions.
The barrel rotation latency during the early phase of the
hazard function has been shown to be a predictor of
mortality for animals given 40 ug of SRIF, but not AVP
(10). This increased risk of mortality for animals with
early hazard phase barrel rotation latencies has been
consistent across treatment conditions in our studies.
However, the probability of mortality of rats displaying
early hazard phase barrel rotation varied markedly and
nonlinearly with the combined dose conditions. Multiple

regression analysis indicated that the best linear model
for predicting mortality is a function of the dose of AVP,
the minimum barrel rotation latency for the group ()
and the initial phase §~* value. The regression coefficient
for the AVP dose is negative, indicating that increasing
doses of AVP can reduce the probability of convulsions
in animals displaying the same barrel rotation latencies.
The net result is a mortality rate at the highest combined
doses that are comparable to the effects of 1 ug of AVP
alone. These analyses indicate that, for higher doses of
SRIF, rats are susceptible to both sequelae. However, a
selective effect of AVP at convulsive sites can occlude
the effects of SRIF, which gives the appearance of un-
coupling the association between barrel rotation latency
and convulsions by reducing the mortality to a level
produced by the higher dose of AVP alone.

The identity of central sites mediating the lethal con-
vulsive effects of these peptides is unclear. However, it
is of interest to note that mortality after central admin-
istration of SRIF and/or AVP is often associated with
pulmonary edema. Neurogenic pulmonary edema has
been well-documented as a consequence of either bilat-
eral lesions of nucleus tractus solitarius (27, 66, 194, 211)
or high cervical transection (27). Since nucleus tractus
solitarius displays moderate to high levels of specific
binding sites for AVP (25, 31, 60, 215) and SRIF (218),
it is an obvious candidate for a site involved in generation
of the lethal syndrome after neuropeptide administra-
tion. This anatomic site is clearly distinct from the sites
that are likely to produce vestibular aberrations that will
be reviewed in the succeeding sections.

B. Barrel Rotation Incidence and Peptide Dose

1. Dose-response relation for AVP. In any discussion
of the dose-response relationship for AVP-induced barrel
rotation, it is important to differentiate between results
in naive versus sensitized rats. Sensitization to the ef-
fects of i.c.v. AVP has been observed reproducibly in
studies employing a variety of multiple dosing protocols
(26, 37, 105, 232). This consistent finding indicates that
the i.c.v. AVP treatment history affects responsiveness
to the peptide. Thus, this discussion is restricted to
observations on naive rats (i.e., animals receiving their
first injection of AVP).

A caveat in the interpretation of dose-response data
regards the hydration state or postsurgical status of the
animals. Sensitization to effects of i.c.v. AVP has been
reported 2 days after a hemorrhage of 15% of total blood
volume or an intraperitoneal injection of hypertonic sa-
line (37). This implies that endogenous vasopressin may
affect sensitivity of the central nervous system to exog-
enously applied peptide. Although cerebrospinal fluid
(CSF) levels of AVP show a circadian rhythm in rats
(139), we have not observed consistent differences in
responses as a function of the time of peptide adminis-
tration. However, these factors are potential confounded
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variables when results from different laboratories are
compared. .

Barrel rotation after i.c.v. AVP has been described
an all-or-none response with a relatively flat dose-re-
sponse function (232). However, since most previous
studies utilized relatively small numbers of rats at each
dose, the shape of the dose-response relationship is not
clear. This problem is complicated by the consistent
finding that, for sample sizes of at least 10 rats, there
are no reports of a dose of AVP that produces barrel
rotation in 100% of naive rats tested. For example, Kruse
et al. (119) reported barrel rotation in 4 of 12 rats at an
8 ng bolus dose, 4 of 12 rats at a 40 ng dose, 6 of 12 rats
at a 200 ng dose, 5 of 10 rats at a 1 ug dose, and 9 of 10
rats at a 5 ug dose. This indicates a fairly flat relationship
over a wide dose range, since the proportion of responsive
rats did not differ significantly for doses between 8 ng
and 1 ug. A similar dose-response relation was shown for
intracisternal injections ranging from 1 to 100 ng of
AVP, with relatively small numbers of rats in each group
(26). Although we previously confirmed a relatively flat
dose-response relationship for doses ranging from 250 ng
to 1 ug of i.c.v. AVP (232), our subsequent examinastion
(10) of the effects of a 500 ng dose in a larger population
of rats (n = 25) suggest that a monotonically incressing
relationship may exist for bolus i.c.v. injections. In our
two conditions with relatively large sample sizes, 560 ng
of AVP produced barrel rotation in 6 of 25 rats [compiared
with 4 of 8 in an independent sample in our initial study,
(232)], while 1 ug of AVP produced barrel rotation in
110 of 207 rats (232). Thus, the effects of lower doses of
AVP must be examined in larger numbers of animals to
characterize the dose-response relationship.

The minimum dose of i.c.v. AVP that reportedly elicits
barrel rotation ranges from 8 to 250 ng in studies em-
ploying bolus injection protocols (1, 26, 119, 232); a
minimum dose of 3.5 ng was reported in continuous
infusion experiments (232). A dose of 1 ng in the fourth
ventricle was reported to produce barrel rotation in one
study (26); BR was also reported after a 25 ng intrathecal
dose in another study (215). These doses were lower than
the 100 pmol (i.e., 108 ng) dose reported to produce
barrel rotation after bilateral infusion into either ventral
septal area or anterior hypothalamic area in either naive
or sensitized rats (156), but were in the same range as
the doses that produced BR after intracerebellar injec-
tion (131). However, these threshold doses are about 3
orders of magnitude greater than normal CSF levels of
AVP, which have been reported to be approximately 20
pg/ml in both rats (16, 121, 139, 140, 148, 172, 173, 180)
and dogs (210). Other analyses of CSF from quadrupeds,
reviewed by Sorensen (200), report baseline conceptra-
tions ranging from 3.8 to 25 pg/ml. However, these
concentrations are increased 4-fold by physiological ma-
nipulations as diverse as dehydration (e.g., 146, 207) or
retention testing for passive avoidance learning (120).

Assuming a CSF volume of 250 ul in a rat (123), the
threshold dose for barrel rotation of 3.5 ng is approxi-
mately 3 orders of magnitude greater than the resting
CSF concentration. The 500 ng dose, then, is approxi-
mately 5 orders of magnitude greater than the baseline
concentration in bulk CSF. It is interesting to note that
studies of the effects of AVP on neurons in hippocampal
slice preparations have employed 1 uM doses of the
peptide (e.g., 2), which is consistent with the expected
CSF concentration of AVP that produces BR. Given the
small number and inhomogeneous distribution of neu-
rons secreting AVP (32, 90, 118, 195, 196, 209), it is
plausible to achieve such high local concentrations near
the secretory sites during neuronal activation within the
physiological domain. Furthermore, the inhomogeneous
distribution of high affinity binding sites for AVP in the
brain (25, 31, 60, 216), particularly in areas containing
AVP terminals, argues that locally high concentrations
of AVP at central release sites should be extremely
efficacious in triggering specific neuronal events. Thus,
even though the threshold dose for barrel rotation after
i.c.v. peptides is plausible for a local concentration under
dehydration or other extreme physiological conditions,
issues of drug distribution argue that it overestimates
the sensitivity of underlying neuronal mechanisms. Local
injection experiments are needed, though, to address this
question explicitly. Similar increases in CSF AVP also
appear as a consequence of pathological processes. For
example, marked (3- to 5-fold) elevations of CSF AVP
were demonstrated in cats during anesthesia and brain
surgery (170) and in rats after i.c.v. infusion of hyper-
tonic artificial CSF (16). However, the former elevation
was transient, resolving within 6 h. By contrast, chronic
1.5- to 2-fold mean increases in baseline AVP concentra-
tions have been reported in CSF from populations of
patients with high pressure hydrocephalus, intracranial
tumors, benign intracranial hypertension, intracranial
hemorrhage, craniocerebral trauma, and mania (198-
200). Again, the strict localization of AVP in a small
subset of neurons and the localization of high affinity
binding sites in specific brain regions suggest the likeli-
hood that locally high concentrations of AVP may be
present at sites of high sensitivity to the peptide in these
pathological states.

2. Dose-response relation for SRIF. A flat dose-re-
sponse relation for the incidence of SRIF-induced barrel
rotation was first reported by Cohn and Cohn (50). Barrel
rotation has been reported after i.c.v. SRIF over a dose
range of 10 to 150 ug (1, 10, 33, 35, 50, 84, 89, 104, 132,
219, 229). Burke and Fahn (34) also reported that barrel
rotation was produced by a 2.5-ug bolus in the fourth
ventricle in 2 of 4 rats tested. Although the barrel rota-
tion incidence has not been determined with appropriate
numbers of rats across the dose range in a single study,
the data suggest that the dose-response relationship is
relatively discrete and flat, changing from a very low
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incidence to complete expression (70-80% incidence)
over the 10 to 20 ug range. Unfortunately, there is a lack
of quantitative data in most reports. For example, Gar-
cia-Sevilla et al. (84) reported no barrel rotation after a
10 ug i.c.v. dose (in an unspecified sample size), but
“strong barrel rotation” after a 20-ug dose, while Vijayan
and McCann (219) reported the emergence of barrel
rotation in an unspecified proportion of rats given 10 ug
of SRIF i.c.v. More recently, Burnard et al. (39) reported
barrel rotation in 1 of 18 rats given a 2.5 ug dose i.c.v.
and a 2 of 10 incidence at a 5 ug dose. Interstitial
injections of 10 ug of SRIF in the hippocampus report-
edly produced barrel rotation in one of an unspecified
sample size of rats (175), while the same dose in the
striatum (178) was also reported to produce gradual
rolling to one side in an unspecified proportion of rats.
Barrel rotation has also been reported after a 2.5 ug
injection in the vestibular nuclei (35). Lower doses (e.g.,

1 ug of SRIF) have failed to produce barrel rotation at

any site (e.g., 35, 89, 132, 174-178, 219). Experiments
with larger sample sizes indicate that the incidence of
barrel rotation is identical at 20 and 40 ug i.c.v. doses of
SRIF, which produce an incidence of 70 to 80% (10).
Thus, the dose-response relationship for appears to be
extremely steep between 10 and 20 ug doses, reaching a
relative plateau above 20 ug. More detailed dose-response
studies in the range of 1 to 20 ug should resolve whether
the relationship is continuous or discrete.

The i.c.v. dose threshold for eliciting SRIF-induced
barrel rotation has been reported to be approximately 10
ug (6 nmol) by several studies (35, 89, 219). Although
minimum doses ranging from 10 to 15 nmol have been
reported by other investigators (1, 84, 132, 229), Burnard
et al. (39) reported a low incidence of barrel rotation
after a 2.5 ug dose. As in the case of AVP, these doses
would be expected to produce a concentration on the
micromolar order in the 250 ul volume of CSF in the rat,
which is consistent with the doses applied in hippocam-
pal slice preparations to observe physiological effects of
SRIF (225). In contrast, the mean SRIF concentration
reported in normal rat CSF is 37.7 fmol/ml (165). Like
AVP in CSF, the SRIF concentration can be altered
several-fold by experimental manipulations. For exam-
ple, after pentylenetetrazole treatment, the postictal
level of SRIF increases 2- to 3-fold in naive rats and 5-
fold in kindled rats (165). This SRIF is apparently of

~ neuronal origin, since the increase in CSF SRIF after

pentylenetetrazole treatment is associated with a signif-

"-..icant, transient decrease in striatal SRIF levels (166).

Thus, it is plausible that highly elevated local levels of
SRIF are present at least transiently, implying that
elevated CSF SRIF concentrations represent a spillover
of elevated secretion from release sites.

Clinical studies indicate that CSF concentrations of
SRIF-like immunoreactivity vary as a function of path-
ological conditions. Control concentrations in studies

from different laboratories are fairly consistent; for ex-
ample, control CSF SRIF concentrations of 54.7 + 1.9
pg/ml in adults under 55 years old and 56.2 + 2.2 pg/ml
for older adults (19), 53.12 + 11.09 pg/ml (207), and 12.5
+ 0.7 fmol/ml (approximately 20 pg/ml) (101) have been
reported in recent studies. It is possible that a component
of the variation in these estimates reflects molecular
heterogeneity of somatostatin-like immunoreactivity, be-
cause some antibodies recognize both somatostatin and
several higher molecular weight peptides in human CSF
(54). However, Cramer et al. (54) have also reported that
the ratio of SRIF to higher molecular weight molecular
forms increases in pathological states, indicating that a
component of the immunoreactivity represents release
of SRIF into CSF.

The consistent theme developing from these studies is
that CSF SRIF concentrations are elevated significantly
during acute pathology (19, 116, 161). By contrast, they
are reduced significantly with the progression of some
degenerative disorders such as Alzheimer’s disease (19,
159, 168, 197, 230), Parkinson’s disease (55, 69, 101),
multiple sclerosis (19, 201), Huntington’s disease (53),
and in patients with long-standing residual cortical pa-
thology (19). The acute changes may reflect either the
release of SRIF from dying neurons, neuronal release of
SRIF from undamaged regions, or a combination of these
factors. Reduced levels in chronic degenerative diseases,
though, may reflect either a net loss of SRIF-containing
neurons with progression of the disease (e.g., 59, 182) or
a down-regulation of secretion of the peptide. These
results have led to the suggestion that an elevated CSF
SRIF concentration may be a marker for acute central
neural pathology. For example, Beal et al. (18) docu-
mented up to 7-fold elevations of SRIF-like immuno-
reactivity in CSF of patients with acute spinal cord
pathology, central nervous system tumors, and acute
cortical pathology; one of the latter patients showed a
20-fold increase in SRIF-like immunoreactivity in asso-
ciation with a left frontal lobe abscess and meningitis.
More modest, but significant, increases were observed in
febrile infants. Stepien et al. (207) noted similar in-
creases in CSF SRIF-like immunoreactivity in patients
with central tumors and increased CSF pressure, but
noted that immunoreactivity did not differ significantly
from that in control subjects in patients with tumors but
normal intracranial pressure. This does not contradict
the inference that CSF SRIF may reflect acute pathology;
rather, it implies that increased intracranial pressure
may contribute to the increased CSF concentrations of
the peptide in some pathological states. In any case,
given the small population of neurons producing SRIF
(100, 220) and the restricted distribution of SRIF binding
sites in the brain (218), it seems likely that high local
concentrations of the peptide are developed during path-
ological states.

3. Dose-response relation for other peptides and anti-
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cholinergic agents. a. LYSINE VASOPRESSIN, OXYTQCIN,
VASOTOCIN, AND OXYPRESSIN. Lysine vasopressin, ¢xy-
tocin, vasotocin, and oxypressin are four peptides related
to AVP that also produce barrel rotation when adminis-
tered i.c.v. to rats (1, 117, 119). The dose ranges, though,
are similar to those reported for AVP. Barrel rotation
has been reported for lysine vasopressin over an i.c.v.
dose range of 1.5 to 200 ng (1, 119), for vasotocin over a
dose range of 200 ng to 5 ug (119), for oxytocin over a
500 ng to 5 ug dose range (117, 119), and for oxypressin
at a 5 ug dose (119). The dose-response relations for both
lysine vasopressin (an unnatural form in rats) and va-
sotocin, like the relation for AVP, are flat, developing
full responsiveness over a narrow dose range (119). How-
ever, the relatively limited number of doses and the
numbers of rats given the other peptides do not permit
assessment of the configuration of the dose-response
relation or the threshold dose for triggering barrel zota-
tion. Oxypressin, though, seemed to be the least patent,
and neither ring nor tail fragments of AVP were effective
in eliciting BR (119). Given the similarities of these
dose-response relations to the properties of the naturally
occurring form of vasopressin in rats, AVP, it sesems
likely that these structurally similar peptides act at a
common site to trigger barrel rotation.

Unlike lysine vasopressin and oxypressin, oxytodn is
a normal endogenous neuropeptide in rats with regulated
release into CSF. Estimates of the CSF concentration of
oxytocin in rats vary widely, ranging from 4.5 to about
75 pg/ml (16, 102, 139, 140, 173, 180). Levels of the same
order of magnitude have been reported in guinea pigs,
cats, and monkeys (172, 173, 180). Oxytocin release into
CSF is at least partially independent of release .into
plasma (102, 180), and there is a prominent circadian
modulation of CSF oxytocin in experimental animals
(139, 172, 173). Release of oxytocin in the central nervous
system may also be evoked by experimental manipula-
tions. For example, an almost 6-fold increase in {LSF
oxytocin was reported after i.c.v. infusion of hypertonic
artificial CSF in rats (16) and a marked increase in CSF
oxytocin was demonstrated after electrical stimulstion
of the medial hypothalamus (102). Since oxytocin,:like
AVP, is expressed selectively by restricted populasions
of neurons in the brain, the oxytocin release underlying
these increased CSF levels is likely to produce local
concentrations of the neuropeptide that are ordems of
magnitude higher than the spillover effects in CSF.

b. OPIOID PEPTIDE AGONISTS AND ANTAGONISTS. The
first published report of opiate-induced BR was Iwamoto
and Way's observation after interstitial injectiong of
morphine into substantia nigra in rats (98); simila# ef-
fects have been reported subsequently for large intrathe-
cal or caudal intramedullary doses of morphine but not
methadone (79, 158, 223). Given the discrete distzibu-
tions of endogenous opioid peptides and receptors in the
central nervous system (135, 136), the observation that

specific somatostatin analogues are potent u opioid an-
tagonists (109) and the fact that dynorphin (a naturally
occurring opioid peptide) is co-localized with AVP in
magnocellular neurons in the hypothalamus (224), these
observations with a xenobiotic opiate raise the question
of whether endogenous opioids produce vestibular dys-
function, either by direct actions or via interactions with
central SRIF and AVP mechanisms.

A number of studies indicate that BR can be elicited
by perturbation of central opioid systems. Intracerebro-
ventricular administration of the 13-amino acid terminal
fragment of dynorphin [dynorphin(1-13)] elicits barrel
rotation, with i.c.v. doses ranging from 32 to 164 ug (20—
100 nmol) in both rats (91, 163) and mice (108); a 138 ug
dose of D-Ala’-dynorphin (1-11) was also reported to
produce barrel rotation (91). The response to 32 ug of
dynorphin(1-13) was blocked by premedication with nal-
oxone (163). Barrel rotation also appears after intra-
third ventricle but not intrathecal injections of dynor-
phin(1-13) (103), indicating that it is a central effect
mediated by opiate receptors. Furthermore, barrel rota-
tion appears after i.c.v. administration of either 10 ug of
a 6-opioid antagonist, ICI 174864 (52), 125 ug of the 6-
opioid agonist D-Pen*®-enkephalin (52) or microgram
order doses of a selective x-opioid antagonist (Dr. Shel-
don Sparber, personal communication). Neither §-en-
dorphin (89) nor leucine-enkephalin (1), though, elicit
barrel rotation. None of these studies adequately docu-
ments the dose-response relationship for opioid neuro-
chemicals. However, they suggest that barrel rotation
may result from disruption of a dynamic equilibrium of
central opioid mechanisms, either by direct activation or
by blockade of at least central é- and/or x-opiate recep-
tors. It is interesting to note the parallel between this
common effect of opiate agonists and antagonists for
eliciting barrel rotation and the fact that both morphine
and naloxone increase the susceptibility of cats to motion
sickness (56). The implied hypothesis is clear: central
opioid receptors are important for maintenance of nor-
mal operating characteristics in circuits governing equi-
librium and postural stability.

¢. CHOLECYSTOKININ, SUBSTANCE P, AND BRADYKININ
ANTAGONISTS. Barrel rotation has not been observed
after either central administration of cholecystokinin
octapeptide (CCK-8) or ceruletide (240) or i.c.v. injec-
tions of 30 nmol (28 ug)/10 ul of cholecystokinin hepta-
peptide (CCK-7) (133). However, both the sulfonated
form of CCK-7 (CCK-7S) and the t-butyl-oxycarbonyl
deriviate of CCK-7S (Boc-CCK-7S) produced barrel ro-
tation at i.c.v. doses of 40 and 30 nmol/10 ul, respectively
(133). The description was identical to SRIF- or AVP-
induced effects: head tilt was reported to develop within
2 min of CCK-7S or Boc-CCK-7S administration, with
the initiation of barrel rotation bouts 1 to 3 min later.
Barrel rotation persisted up to 30 min. The failure of an
equimolar dose of CCK-7 to elicit barrel rotation suggests
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that this is a specific effect. Similarly, barrel rotation
was reported after both intraventricular and intracister-
nal injections of substance P; Magnusson et al. (130)
reported that contralateral horizontal circling progressed
to contralateral BR in rats given a 25 to 60 ug/5 to 12 ul
i.c.v. bolus, while James and Starr (99) observed BR in
24 of 31 rats given an intracisternal bolus of 10 ug/10 ul
of this peptide. However, since data were reported over
a limited dose range for CCK-7S, Boc-CCK-7S and sub-
stance P, the nature of their dose-response relations is
unknown.

More detailed dose-response information is available
for the effects of bradykinin analogs. Perry (162) re-
ported that barrel rotation appeared at an i.c.v. dose of
20 nmol/5 ul for bradykinin analogs with a D-Phe’ sub-
stitution. The analog B4162 produced barrel rotation at
a 5 nmol (approximately 6 ug) dose. The dose-response
relation for B4162 was also similar to that for SRIF and
AVP, developing from low (approximately 20%) to max-
imal (approximately 80%) responsiveness over the 10 to
20 nmol dose range. Thus, dose-response relationships
for the incidence of i.c.v. neuropeptide-induced barrel
rotation have the common feature of a steep development
of a maximum responsiveness, which does not increase
for large increments in dose.

d. CHLORPROMAZINE METHIODIDE AND ANTICHOLIN-
ERGIC AGENTS. Chlorpromazine methiodide is a quater-
nary chlorpromazine derivative that, unlike the parent
molecule, is a potent ligand at muscarinic cholinergic
receptors (36). The lowest i.c.v. doses reported to produce
barrel rotation in rats were 3.6 ug/10 ul (184) and 5 ug/
10 ul (36); barrel rotation has also been reported after a
5 ug/10 ul dose in the fourth ventricle (34). Unfortu-
nately, the small numbers of animals used at each dose
do not permit rigorous characterization of the dose-
response relationship. For example, Burke et al. (36)
used groups of 6 to 10 rats to study barrel rotation
incidence after 5, 10, 15 and 20 ug/10 ul i.c.v. injections
of chlorpromazine methiodide, but statistical compari-
sons of their published incidence data reveal no signifi-
cant differences between the 5, 10, and 15 ug doses. Thus,
studies with larger sample sizes are needed to clarify the
configuration of these relations.

The observations of barrel rotation after i.c.v. injec-
tions of antimuscarinic agents and the potent muscarinic
ligand properties of chlorpromazine methiodide suggest
that the latter compound acts via an anticholingeric
mechanism (34, 36). Barrel rotation has been reported
after i.c.v. injections of propantheline bromide (10 and
15 ug/10 ul), atropine sulfate (100 and 250 ug/10 ul),
scopolamine HCI (300 and 600 xg/10 ul), and benztropine
mesylate (800 ug/10 ul) and 10 ul doses of 3 mM meth-
antheline bromide and homatropine bromide (36). Nei-
ther carbachol (6 ug/10 ul, n = 3 rats) nor succinylcholine
(11 pg/10 ul, n = 2 rats) was reported to induce barrel
rotation in the same study (36), but these data are

inconclusive because they reflect both a small sample
size and single dose. However, it does seem clear that
blockade of endogeous muscarinic cholinergic neuro-
transmission can produce symptoms of central vestibular
dysfunction in rats.

4. Dose-response relation for combined doses of SRIF
and AVP. The incidence data for barrel rotation after
combined i.c.v. doses of SRIF and AVP imply that the
sites of action for each peptide are at least partially
independent. Consistent with the results of Burnard et
al. (39) over a lower SRIF dose range (2.5-10 ug), co-
administration of 1 ug of mcAVP and SRIF resulted in
the same incidence of barrel rotation as the dose of SRIF
alone. This indicates that actions of endogenous AVP
are not necessary for triggering SRIF barrel rotation.
The effects of co-administered AVP and SRIF, though,
are complex and nonlinear. For example, co-administra-
tion of 0.5 ug of AVP and 40 ug of SRIF resulted in a
barrel rotation incidence greater than that for either
peptide alone, while a dose of 1 ug of AVP and either 20
or 40 ug of SRIF produced the same barrel rotation
incidence as the SRIF dose alone. Since no dose protocol
produced a 100% response rate in large samples of rats,
one possible implication is that a small percentage of
rats is refractory to barrel rotation after SRIF or AVP.
Furthermore, the response rate is near maximal for the
doses of SRIF employed. Thus, the additive effects of
these peptides should be investigated in detail at a lower
SRIF dose to assess interactions between circuits sensi-
tive to each peptide.

In virtually every study employing sample sizes greater
than 10, the direction of AVP- or SRIF-induced BR was
not related to the location of the injection in the left or
right lateral ventricle (e.g., 10, 26, 132, 232). Thus, the
emergence of a contralateral directional bias for BR after
i.c.v. doses of 40 ug of SRIF and 1 ug of either AVP or
mcAVP was an unexpected finding in the recent experi-
ments (9) discussed in section II.. The production of the
same directional bias by co-administration of either AVP
or its antagonist with SRIF provides further evidence
that the peptides interact nonlinearly in central circuits
that maintain stability in the plane of vertical semicir-
cular canals. Since the injection was made in the lateral
ventricle, this interactive effect is probably mediated by
a site or sites proximal to the ventricular wall; i.e., a
telencephalic locus. Candidates for these sites of inter-
action include the bed nucleus of the stria terminalis and
the basal ganglia (see section V). However, since the
occurrence of directional bias was independent of both
the incidence of BR and the hazard function, it is not
clear whether the directional bias reflects a direct addi-
tive effect of peptides at common sites or complex inter-
actions of partially independent circuits.

C. Effects of Systemic Drugs on AVP- and SRIF-
Induced Barrel Rotation: Evidence for Interactions with
Other Transmitter Systems

1. Cholinergic mechanisms. Antimuscarinic agents
have been reported to have differential efficacy against
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SRIF- and AVP-induced barrel rotation. Peripheral ad-
ministration of atropine either completely (50) or tran-
siently (132) blocked SRIF-induced barrel rotation, while
the antimuscarinic agent trihexyphenidyl completely in-
hibited the response (132). By contrast, atropine pro-
duced only a 50% depression in the incidence of AVP-
induced barrel rotation in naive rats (233), and did not
affect lysine-vasopressin-induced barrel rotation in a
smaller sample of rats (119). Since i.c.v. antimuscarinic
agents also elicit barrel rotation (36), possibly through
the vestibular nuclei (34), the reports that SRIF exerts
anti-M1 muscarinic effects in brain membrane prepara-
tions (146, 147) and the finding that i.c.v. SRIF produces
a selective increase in acetylcholine turnover in the di-
encephalon and brainstem (132) implicate cholinergic
mechanisms in the development of SRIF-induced bagrel
rotation. Although a cholinergic contribution does not
appear to be as profound for AVP barrel rotation, a role
of cholinergic mechanisms in interactions between co-
administered neuropeptides is worthy of investigation.

2. Catecholaminergic mechanisms. Catecholamineggic
mechanisms do not appear to be involved appreciably in
triggering SRIF-induced barrel rotation. Garcia-Sevilla
et al. (84) reported that whole brain dopamine andse-
rotonin levels were decreased and 5-hydroxyindoleacetic
acid levels were elevated 60 min after SRIF injections
(20 ug followed by 8 ug, i.c.v.), indicating incmged
activity in both pathways at a dose that produces BR.
However, Cohn and Cohn (50) reported that resergiine
or haloperidol pretreatment did not affect the incidence
of SRIF-induced barrel rotation, which appears to ﬁte-
clude a significant dopaminergic contribution to the on-
set of motor disturbances. Noradrenergic involvement is
also unlikely, since systemic phenoxybenzamine did not
affect the incidence. However, the possibility of a sero-
tonergic contribution or a more subtle effect on the
hazard function for development of barrel rotation has
not been investigated.

The evidence regarding catecholaminergic involve-
ment in AVP-induced barrel rotation is suggestive but
not conclusive. Kruse et al. (119) reported that pretreat-
ment with haloperidol (0.5 mg/kg s.c.), propranolol (2.5
mg/kg s.c.), phentolamine (7.5 mg/kg s.c.), or methyser-
gide (5 mg/kg s.c.) did not affect barrel rotation incidence
in response to lysine-vasopressin, but that the incidence
was depressed by chlorpromazine (5 mg/kg s.c.). By
contrast, Yamada and Furukawa (235) reported en-
hanced barrel rotation responses to a subthreshold dose
of a vasopressin analog (10 ug of i.c.v. aminosuberyl’*-
arginine®-vasopressin) after either systemic pretreat-
ment with haloperidol (1 mg/kg), fluphenazine (9 mg/
kg) or a-methyl-p-tyrosine or i.c.v. pretreatment with 6-
hydroxydopamine, suggesting that dopaminergic mech-
anisms inhibit the generation of BR by this anslog.
Paradoxically, the incidence of AVP-induced barrel ro-
tation is attenuated by bilateral destruction of substantia

nigra with the neurotoxin 6-hydroxydopamine (234). A
similar depression in incidence was obtained after bilat-
eral kainic acid lesions of the basal ganglia, and neither
nigral nor caudate-putamen lesions were found to affect
sensitization to a subsequent dose of AVP (234). Given
the lack of characterization of the properties of
aminosuberyl'€-arginine®-vasopressin at AVP receptors
and its low potency for eliciting BR (30 ug threshold
versus 10 ng for AVP), it is not possible to reconcile this
discrepancy in effects. Although these data suggest the
possibility of a nigrostriatal dopaminergic component in
the trigger for AVP-induced barrel rotation, more rigor-
ous and complete experimental investigations are re-
quired to characterize the role of dopaminergic mecha-
nisms in BR.

3. Effects of diazepam and GABAergic agents. Since
diazepam is an efficacious medication for patients with
acute vertigo (14), it is an obvious drug to test for ability
to depress barrel rotation. Diazepam (5 mg/kg i.p.) has
been reported to inhibit significantly the incidence of
barrel rotation elicited by i.c.v. injections of AVP (233),
SRIF (12), and bradykinin antagonists (162). In the case
of AVP barrel rotation, the decreased incidence in sen-
sitized rats was accompanied by a significant rightward
shift of the hazard function, which reflected a signifi-
cantly longer latency for barrel rotation onset (233). The
profound depression of responsiveness to SRIF by diaze-
pam precluded hazard analysis because few rats displayed
BR (12). Since muscimol (0.5 mg i.c.v.) also attenuated
barrel rotation incidence (162), it is likely that sites
involved in generation of barrel rotation are sensitive to
effects of benzodiazepines and/or y-aminobutyric acid
(GABA). A poential role of GABAergic circuits is also
consistent with reports that barrel rotation appears after
i.c.v. picrotoxin (0.5 ug/5 ul) (231), after single intersti-
tial doses of picrotoxin in the vestibular nuclear complex
(34) or the caudal pole of the parafascicular nucleus near
the interstitial nucleus of Cajal (236), or after multiple
injections of bicuculline methiodide in substantia nigra
(110). Finally, an interaction between GABAergic and
AVP mechanisms in sensitization to AVP BR is indi-
cated by the finding that prior exposure to i.c.v. picro-
toxin (1 ug/5 ul on day 1) sensitized rats to effects of a
subsequent dose of AVP (0.5 ug/5 ul on day 3) (231).
Thus, picrotoxin pretreatment mimicked the effects of
prior AVP exposure.

4. Antiseizure medications. Reports of the efficacy of
antiseizure medications in preventing neuropeptide-in-
duced BR are limited. Phenytoin (100-200 mg/kg i.p.)
attenuated AVP-induced BR in either naive or sensitized
rats (1, 233); however, it did not affect BR incidence
after administration of a bradykinin antagonist (162).
By contrast, a 50 mg/kg dose of phenobarbital reduced
the incidence of both AVP and bradykinin antagonist-
induced BR (162, 233). Valproic acid (125 or 250 mg/kg
i.p.) also reduces the incidence of AVP-induced BR in
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sensitized rats (233). Unfortunately, the limited data
base makes it difficult to infer mechanisms or sites of
action from these studies. However, the differential ef-
ficacy of phenytoin suggests that BR responses to AVP
and bradykinin antagonists are elicited by independent
mechanisms.

IV. Barrel Rotation as an Index of Central
Vestibular Dysfunction: Historical Review of
Sites Producing Disequilibrium

Previous studies suggest that neuropeptide- or neuro-
transmitter-induced barrel rotation is a specific, inte-
grated response involving motor circuits distributed
across multiple levels of the neuraxis. As reviewed above,
barrel rotation has been reported after injections of sev-
eral distinct neuropeptides or their structural analogs
into cerebrospinal fluid. Barrel rotation has been re-
ported after microinjections of antimuscarinic agents,
chlorpromazine methiodide, or SRIF into the vestibular
nuclei (34, 35), kainic acid into the fastigial nucleus (96),
and picrotoxin into the the caudal pole of the thalamic
parafascicular complex near the interstitial nucleus of
Cajal (236), suggesting that multiple sites have the ca-
pability to trigger the response. This participation of
multiple sites in the triggering process is also indicated
by the effects of chemical lesions of substantia nigra or
the basal ganglia and mechanical lesions of the cerebellar
vermis and hemispheres, which depress the incidence of
AVP-induced barrel rotation in naive rats (231). The
incidence was also depressed when rats were given AVP
under ambient illumination after 3-acetylpyridine (3-
AP) ablation of the inferior olive; however, the response
incidence was normal when 3-AP-treated rats were given
i.c.v. AVP in darkness (233). Furthermore, although
vestibular or visual inputs are not necessary for the
expression of barrel rotation, the time course for initia-
tion of AVP-induced barrel rotation is affected by both
vestibular and visual inputs (233). These data suggest
that the experimental identification of mechanisms un-
derlying neuropeptide- and anticholinergic-induced bar-
rel rotation require an understanding of the role of the
vestibular nuclei, cerebellum, substantia nigra, and basal
ganglia in postural stability. This section reviews litera-
ture regarding the ability of each structure, both in
isolation and in combination with other structures, to
produce barrel rotation after experimental manipulation.
The contributions of peptidergic and cholinergic neuro-
transmission can then be assessed within the context of
these circuits to understand the implications for normal
and pathological function.

A. Barrel Rotation as a Symptom of Central and
Peripheral Vestibular Dysfunction

Barrel rotation and circling behaviors (“circus move-
ment”) were well-documented as results of central lesions
of the vestibular nerve, vestibular nuclei, and central

vestibular pathways by the early twentieth century (e.g.,
65, 78, 122, 127, 128, 129, 145, 149-151, 167, 188-190,
221). Barrel rotation was historically one of the first
motor symptoms described after lesions of the central
nervous system in experimental animals. It was first
reported by Pourfour du Petit in 1710 (167); this obser-
vation cited later by both Longet (127) and Vulpian

(221). In studies published between 1824 and 1843, BR

was recognized as an acute manifestation of vestibular
nerve and middle cerebellar peduncular section (e.g., 127,
129). The descriptions presented by Magendie in 1824
(129) and Vulpian in 1866 (221) are particularly lucid,
leaving little doubt regarding the identity of their rota-
tion syndrome with BR. The phenomenon was so well-
established that Vulpian apparently used barrel rotation
after a deep lesion of the middle cerebellar peduncle of
rabbits and rats as a demonstration experiment in his
lectures. Vulpian (221) also noted the significance of the
tonic eye deviation accompanying BR, arguing that it
indicated a state of vertigo that was linked to the rota-
tional movement. Furthermore, he suggested that the
most plausible hypothesis explaining BR was that the
unilateral lesion removed one component of a circuit in
dynamic balance, producing central disequilibrium.
Other nineteenth century and early twentieth century
investigators reported this “forced movement” in quad-
rupeds and primates (65, 78, 122, 127, 145, 149-151, 188,
189) and BR after cerebellar peduncular section were
attributed to damage to the restiform (and probably the
juxtarestiform) body (188, 189). The results of unilateral
labyrinthectomy in mammals have been reviewed in de-
tail by Schaeffer and Meyer (190); a subsequent study
confirmed acute barrel rotation in rats after unilateral
labyrinthectomy (125). However, the literature demon-
strating barrel rotation and circling behaviors after doc-
umented central lesions has not been reviewed system-
atically. As a result, this section will first review the
basic postural symptoms of disequilibrium after central
lesions to establish a context for interpreting neuropep-
tide-induced postural destabilization. The evidence that
barrel rotation after asymmetric lesions or pharmacolog-
ical interventions in the vestibular nuclei, cerebellar
cortex, nucleus interstitialis (Cajal), or nucleus Dark-
schewitch, substantia nigra and basal ganglia may influ-
ence vestibular stabilization will then be reviewed within
the context of these symptoms. Finally, we will discuss
evidence that these sites may influence the incidence
and time course of SRIF- and AVP-induced barrel rota-
tion.

Studies of effects of unilateral lesions on peripheral
and central vestibular circuits have emphasized a dis-
tinction between acute and chronic symptoms of damage.
One hallmark of these circuits is central compensation:
the extreme symptoms expressed during the acute phase
typically resolve over a variable period of time, depending
upon lesion site and species (e.g., 76, 134, 149-151). Since

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

72

neuropeptide-induced barrel rotation is an acute symp-
tom, produced in the first 20 min after peptide injection,
the acute signs of unilateral manipulations of vestibular
circuits are of greatest interest. However, uncompensated
effects will also be reviewed.

B. Definition of Symptoms of Unilateral Vestibular

Damage across Species: Rolling and Circling Syndromes

A systematic description of the effects of cemtral
vestibular damage was published by Muskens between
1904 and 1922 (149-151), in a series of studies which
correlated histologically verified anatomic damage with
forced movements (BR, circling, and nystagmus) igdi
ative of posture asymmetry and disequilibium.,
investigations of the effects of lesions of the v
root, vestibular nuclei, medial longitudinal fasciculug(his
nomenclature: “posterior longitudinal bundle”), the
area of nucleus interstitialis and nucleus Darkschewitch
in rabbits and cats were particularly useful because %hey
used the Marchi technique to correlate symptoms with
damage to specific vestibular output pathways, eithqr as
fibers-of-passage or at their origin (149-151). However,
it is the insightful categorization of forced movemgnts
that is particularly germane to establishing a cli
context for barrel rotation and neuropeptide- anped
disequilibrium.

Muskens described two basic classes of sequelé of
central and peripheral vestibular damage:

1. Rolling movements around the long axis of the anfmal
(barrel rotation), accompanied by head and eye rota-
tion. These persistent rolling movements were “char-
acterized by their vehement nature”; this is typified
by the term “rotational fits” that was used by R\nsell
in 1896 (189). Muskens regarded falling toward or
lying on one side as a milder manifestation of
movements, especially when accompanied by
and eye deviation or by nystagmus.

2. Horizontal circling, or circus movements, accom-
panied by ocular nystagmus and conjugate, tonid’de-
viation of the eyes and head. A tonic leftward or
rightward deviation of the head and eyes was viewed
as a milder manifestation of this symptom. These
movements were characterized as “quieter and miore
deliberate” than rolling movements.

These involuntary movements were regarded as man-
ifestations of selective, unilateral disruption of central
pathways originating in the horizontal and anterior sem-
icircular canals. In particular, Muskens’ descriptioh of
rolling movements is virtually identical to neuropeptide-
induced disequilibrium in our studies, suggesting mdilia-
tion by similar neural substrates.

It is particularly important to note that these forced
movement syndromes are defined as continua, proceed-
ing from postural and ocular deviations to rotatiom or
circus movements. This point is evident in the two
gradients in severity of expression of these symptems
described by Muskens (150, 151), a rostrocaudal gradient

o~
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within the neuraxis of a single species and a species
gradient between quadruped mammals, primates, and
human patients. Within quadrupeds, the symptoms de-
cline in severity as lesions ascend the neuraxis. In pri-
mates, the circling and rotation disorders are very rarely
expressed; the animals show only postural destabiliza-
tion, nystagmus, and tonic head or eye deviation during
the acute phases after vestibular nerve or nuclear lesions
(see below for review). These observations, though, sup-
port the view that barrel rotation is an acute, extreme
manifestation of vestibular dysfunction in rodents, func-
tionally equivalent to the vertigo, postural, and ocular
symptoms displayed acutely in patients with vestibular
dysfunction.

C. Symptoms of Lesions of the Vestibular Nerve and
Nuclei

A major contribution of Muskens’ work was the dem-
onstration that symptoms associated with BR and cir-
cling behaviors in either direction can be attributed to
lesions at particular central sites in ascending vestibular
pathways. In all of these cases, BR or circus movements
may be interpreted as a consequence of unilateral re-
moval of a tonic vestibular input, with results predictable
from basic vestibular physiology. This asymmetry in
tonic drive will produce a vertiginous sensation of spin-
ning in the plane of the affected canal inputs and will
also result in asymmetric activation of vestibulo-spinal
and vestibulo-ocular reflexes to oppose this perceived
rotation. This unopposed activation then will produce
circling or barrel rotation contralateral to the direction
of perceived rotation. Lesions of the vestibular root, as
reported by many investigators (e.g., 125, 127, 149, 190),
produced BR toward the injured side, often accompanied
by skew deviation and rotation of the eyes about an
anteroposterior axis. Rolling movements and eye and
head rotation in the direction of the lesion were also
observed after lesions of the lateral vestibular nucleus
proper and the lateral horn of the medial longitudinal
fasciculus (ascending tract of Deiters). By contrast, roll-
ing movements (BR) in a direction contralateral to the
lesion were observed after damage to the inferior vestib-
ular nucleus. Damage to the medial vestibular nucleus,
though, produced ipsilateral circus movements, while
contralateral eye deviation and circus movements were
produced by lesions of the superior vestibular nucleus.
These early studies, then, demonstrate that unilateral
disruption of different components of the vestibular nu-
clei (or fibers of passage in these regions) can selectively
produce ipsilateral or contralateral barrel rotation in
rabbits and cats.

There are prominent species differences in the severity
and duration of postural and ocular responses to unilat-
eral vestibular nerve and vestibular nuclear lesions in
quadrupeds and primates. Quadruped mammals (e.g., cat,
rabbit, guinea pig, and rat) typically display long-axis
rotation or circling behavior in addition to ataxia, tonic
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head torsion, and tonic eye deviation toward the injured
side, nystagmus beating toward the normal side and
contralateral extensor activation during the acute phase
after unilateral lesion (e.g., 125, 150, 151, 190). Primates
and humans, by contrast, are usually reported to display
only head torsion, spontaneous nystagmus, and a tend-
ency to fall toward or lay on the lesioned side during the
acute period (67, 68, 75-77, 157, 190, 193, 217). This
suggests that barrel rotation or circus movements are
extreme expressions of vestibular dysfunction in quad-
rupeds, with primates and man displaying less severe
endpoints to these syndromes. This concept, advanced
by Muskens (149-151), is supported by Dow’s (68) strik-
ing description of the behavior of rhesus monkeys after
unilateral labyrinthectomy:

As soon as the animal was able to sit up or stand, in addition
to the abnormal head posture. . .the extremities on the oper-
ated side were flexed and adducted, and on the normal side
extended and abducted. First attempts at walking and running
were characterized by falling, deviation and circling to the
operated side. Spiralling about the longitudinal axis of the body
in jumping, swimming and climbing a vertical bar was consist-
ently present. This was always in the same direction as the head
rotation, that is, the back rotated toward the side of the labyrin-
thectomy. All these symptoms were accentuated and detectable
longer postoperatively if the examination was made with the
animal blindfolded. . . . Repeated rolling movements, as seen in
lower animals, did not occur. (pp. 393-395, italics added for
emphasis)

,This observation of long axis rotation (spiralling mo-
tion) during climbing, swimming, or jumping of hemila-
byrithectomized rhesus monkeys confirmed previous ob-
servations of Northington and Barrera (157) and was
summarized in tabular form as a hallmark of unilateral
damage to the vestibular nerve or vestibular nuclei in
1938 by Ferraro and Barrera (76). These observations,
then, suggest that long axis rotation after unilateral
vestibular insult in monkeys may be masked by propri-
oceptive and visual mechanisms when limbs are in con-
tact with a horizontal surface under ambient illumina-
tion. The symptoms are exacerbated when either of these
sensory inputs is absent or attenuated.

To our knowledge, there are only two published reports
of spontaneous, “forced” rolling in rhesus monkeys after
unilateral vestibular nuclear lesions. Ferraro and Barrera
(75) reported that electrolytic lesions damaging the lat-
eral and inferior vestibular nuclei (and sometimes, the
dorsomedial tip of the restiform body) in monkeys re-
sulted in “symptoms of the forced type, (with) marked
rolling movements manifested toward the side of the
lesion.” These symptoms appeared in the absence of
damage to the eighth nerve trunk. However, subsequent
anatomic studies indicate that, in addition to direct
neuronal damage, these lesions probably interrupted
both primary vestibular afferents to the rostral third of
the medial vestibular nucleus (41) and the ipsilateral and
contralateral descending projections of the fastigial nu-

cleus (17). A contribution of fibers-of-passage to the
symptoms after these lateral lesions is plausible, given
the 1940 report by Ferraro, Pacella, and Barrera (77)
that discrete lesions in the medial vestibular nucleus of
rhesus monkeys produced “[i/n severer cases, rolling
movements on the floor around the animal’s longitidinal
axis and toward the side of the lesion . .. for a period of
several days postoperatively.” They concluded: “These
rolling movements might be an exaggeration of the tend-
ency to fall over of rotate toward the side of the lesion and
probably hold the same significance as do the spiraling
movements in space.” One additional report is equivocal:
Cranmer (57) reported that “fo/n recovery from anes-
thesia (after a right superior vestibular nucleus lesion) the
monkey crawled in a circular movement to the left, occa-
sionally falling and rolling over to the right.” The obser-
vations after vestibular nuclear lesions in monkeys, then,
support Muskens’conclusion that forced rotation (barrel
rotation) and circling are extreme manifestations of cen-
tral vestibular dysfunction in mammals.

D. Effects of Cerebellar Lesions

1. Cerebellar peduncular lesions. Barrel rotation was
first described in the literature as a cerebellar phenom-
enon in 1710 (167). In 1824, Magendie reported that
barrel rotation appeared acutely in rabbits (and other
unspecified mammals) after lesions of the cerebellar pe-
duncles or sagittal cuts through the cerebellum bisecting
the distance between the midline and the right or left
margin of the cerebellar hemisphere (129). He also abol-
ished this behavior by subsequent ablation of the contra-
lateral cerebellum or cerebellar peduncle, and concluded
that postural equilibrium requires balanced output of
both sides of the cerebellum. Although these experiments
demonstrated that barrel rotation can be triggered
acutely by a unilateral cerebellar lesion, the damage
clearly involved interruption 1) of direct cerebellar inhi-
bition to the vestibular nuclei, 2) of cerebellar nuclear
outputs to the vestibular nuclei, reticular formation, red
nucleus, and thalamus, and 3) afferents to the cerebellar
cortex.

The “forced movements” observed after unilateral cer-
ebellar peduncular lesions in quadrupeds were specifi-
cally attributed to damage to the inferior cerebellar pe-
duncle by the first decade of the twentieth century (149,
150, 188, 189). Ferrier and Turner (78) presented the
first detailed reports of long axis rotation (barrel rota-
tion) after unilateral inferior cerebellar peduncle lesions
in monkeys. However, the effects of lesions in these
studies prior to 1910 did not distinguish between differ-
ential involvement of the restiform and juxtarestiform
bodies. Ferraro and Barrera (75) placed small electro-
lytic lesions in the juxtarestiform body, dorsal to the
vestibular nuclei, in rhesus monkeys and observed occa-
sional falling toward the side of the lesion, a slight torsion
of the chin toward the lesioned side, spontaneous nys-
tagmus, and spiraling contralateral to the lesion during
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jumping or climbing. Rolling movements, though, were
not observed. These symptoms were absent in monkeys
with lesions of either the restiform body or the dorsal
spinocerebellar tract (74), but were observed with com-
bined lesions of the restiform body and vestibular nuclei
(76). Since the forced movements after cerebellar pedun-
cular section are in the direction opposite those after
vestibular nerve or nucleus lesions, they probably refiect
interruption of direct Purkinje cell inhibition of vestib-
ular nuclear neurons. These direct projections originate
in the vermis of the anterior and posterior lobes and in
the flocculonodular lobe (97).

2. Cerebellar cortical stimulation and lesions. Postural
destabilization is less profound after lesions or stimula-
tion of cerebellar cortex than after peduncular or vestib-
ular lesions. Characteristic postural effects have heen
observed after lesions or stimulation of vermal regions
of the anterior and posterior lobes and of the nodulus
(see below), which are probably related to differemtial
outputs of these regions to the fastigial nucleus md
vestibular nuclei.

Unilateral manipulations of the cerebellar anterior
lobe produced postural asymmetry but not barrel rota-
tion or forced circling in mammals. For example, Sprague
and Chambers (204, 205) reported that electrical stimu-
lation of sites in the cerebellar anterior lobe in intact
cats typically produced ipsilateral inhibition and contra-
lateral facilitation of flexor tonus in limbs and axial
musculature. Unilateral anterior vermal stimulation has
also been reported to produce head rotation in the direc-
tion of the electrode, such that the chin pointed contra-
laterally (48, 138); these sites were located in dorsal folia
of the nodulus. The opposite effects were reported after
unilateral anterior lobe ablations (204, 205); cats dis-
played extension and abduction of the ipsilateral limbs,
partial flexion and adduction of the contralateral limbs,
difficulty righting until the second postoperative day,
and a tendency to fall to the side opposite the lesion. It
is important to note that these postural effects were seen
in only limb and axial musculature, reflecting the digect
inhibitory projections of the anterior lobe to vestibulo-
spinal tract neurons or fastigial nucleus neurons (87).
This is expected, since the connections of the anterior
lobe are consistent with the absence of nystagmus, a
component of both neuropeptide-induced disequilibrium
and forced movement syndromes after vestibular nerve
or nucleus lesions. Thus, a unilateral effect at the lgvel
of the anterior lobe can only account for truncal com-
ponents of neuropeptide-induced disequilibrium.

By contrast to anterior lobe manipulations, unilateral
stimulation or ablation of the posterior vermis or nodulus
usually produced positional and/or transient spoata-
neous nystagmus; head or postural deviations were also
reported in some studies (57, 67, 72, 73, 83, 87, 1562-155,
181, 202, 203). These central vestibular effects can be
attributed to direct connections of these regions with

vestibular and fastigial nuclei. For example, Ron and
Robinson (181) reported that stimulation of the ventral
uvula and dorsal nodulus evoked nystagmus with down-
ward slow phases in rhesus monkeys, while dorsal uvula
and ventral nodulus sites evoked nystagmus with upward
slow phases. They did not observe any systematic rela-
tionship for horizontal components of nystagmus. As-
chan et al. (6), though, reported that positional nystag-
mus (with contralateral slow phases) was elicited by
electrical stimulation of the lateral, but not medial, as-
pect of the nodulus of rabbits. Since positional nystag-
mus has been reported after lesions of these regions is
blocked by bilateral labyrinthectomy (72, 203), the symp-
tom can be attributed to a central asymmetry in vestib-
ular circuits. Finally, asymmetric lesions of the nodulus-
uvula produced symptoms opposite vestibular lesions in
rhesus monkeys: transient nystagmus appeared with fast
phases in the direction of the lesion, the occiput was
rotated contralaterally, the animals fell and deviated to
the contralateral side in running and jumping, and the
animals spiraled toward the contralateral side when
climbing and jumping (67). These findings suggest that
a unilateral effect at the level of the nodulus and/or
uvula may contribute to the evolution of forced move-
ments culminating in barrel rotation. However, it is not
clear whether asymmetric activation or inhibition of this
cortical region is sufficient to produce barrel rotation in
quadrupeds.

3. Cerebellar nuclear effects. The interpretation of le-
sion or stimulation studies of the fastigial nucleus is
complicated by a serious fibers-of-passage problem. In
addition to being embedded in cerebellar white matter,
the fibers entering the hook bundle cross through con-
tralateral fastigial nucleus en route to the brain stem and
reticular formation (e.g., 17). This latter anatomic fea-
ture argues that even unilateral electrolytic lesions or
electrical stimulation may have bilateral effects. How-
ever, recent studies employing the excitatory neurotoxin,
kainic acid, have selectively ablated fastigial nucleus
neurons without appreciable damage to fibers-of-pas-
sage. Unilateral lesions of the fastigial nucleus, with
variable cerebellar damage and no vestibular nuclear
damage, were reported to produce a disequilibrium syn-
drome leading acutely to barrel rotation in rats (96).
These symptoms were not produced by cerebellar cortical
lesions alone or lesions of other nuclei. Imperato et al.
(96) also reported that unilateral fastigial injections of
the GABA agonist, muscimol, and antagonist, bicuculline
methiodide, produced the same postural syndrome with-
out barrel rotation. Both kainate injections and musci-
mol produced contralateral limb extension and abduction
and head tilt toward the injected side, suggesting a dis-
facilitation of the vestibular nuclei. The opposite effects
were obtained with bicuculline. These data, then, are
consistent with a possible role of asymmetric activation
or inhibition of fastigial neurons in the generation of
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neuropeptide-induced postural destabilization. These ef-
fects do not appear after manipulations of cerebellar
interposed or dentate nuclei (e.g., 179).

E. Midbrain Sites and Forced Movements: Interstitial
Nucleus of Cajal, Rostral Interstitial Nucleus of the
Medial Longitudinal Fasciculus and Nucleus of
Darkschewitch

An additional group of sites that may contribute to
neuropeptide-induced barrel rotation is located near the
rostral extent of the medial longitudinal fasciculus. This
region encompasses several distinct nuclei, the intersti-
tial nucleus of Cajal, the rostral interstitial nucleus of
the medial longitudinal fasciculus, and the nucleus of
Darkschewitch, which are involved in the control of
vertical gaze (40, 45) and dynamic aspects of vertical
vestibulo-ocular reflexes (4, 160). This region directly
influences vestibular nuclear neurons receiving vertical
canal inputs (80) and affects head posture (81). Muskens
(151) observed barrel rotation (“rolling movements”) and
tonic eye deviation acutely in rabbits and cats after
midbrain lesions involving the posterior commissure, the
interstitial nucleus of Cajal, and nucleus of Darkschew-
itch. The rotation was toward the normal side and di-
minished “after a few days.” Hassler and Hess (88),
though, reported that unilateral stimulation of the rostral
pole of the interstitial nucleus produced long axis rota-
tion (BR) in alert cats. Subsequent studies employing
electrolytic lesions observed head tilt toward the normal
side after recovery from surgery in cats and monkeys (45,
81, 88), which also appears reversibly after unilateral
procaine microinjections into the interstitial nucleus in
cats (81). Interactions between unilateral labyrinthec-
tomy and interstitial nucleus lesions suggest that the
interstitial nucleus interacts with afferent vestibular in-
puts to control head posture (81), possibly at the level of
vertical vestibulo-ocular reflex relay neurons in the
vestibular nuclei (80). Although these recent studies sug-
gest a contributory role of these midbrain regions to the
forced movement syndromes reported by Muskens (149-
151), they did not report barrel rotation during the acute
recovery period. However, it seems likely that this region
is responsible for the barrel rotation reported after injec-
tions of picrotoxin into the “parafascicular nucleus” in
rats (236), since the illustrated injection site is at the
level of the posterior commissure, in close proximity to
the interstitial nucleus of Cajal and nucleus of Dark-
schewitch (see Figure 3 of reference 236). Thus, this
midbrain region is another likely site for eliciting barrel
rotation or circus movements.

F. Basal Ganglia, Substantia Nigra, and Equilibrium
The concept that the basal ganglia serve as a supra-
vestibular center was first introduced by Muskens (151).
This hypothesis was based upon the emergence of circus
and rolling movements after lesions which included the
globus pallidus, the lack of movements after control

lesions of the midbrain, diencephalon and telencephalon,
and the observation of both striopetal projections (with
the Marchi method) and retrograde degeneration in the
globus pallidug after midbrain lesions producing rotation
movements. While these anatomic findings may reflect
mechanical damage to fiber tracts such as the pallido-
pedunculopontine pathway (111), subsequent studies
provide several lines of evidence that the basal ganglia
and substantia nigra may modulate the performance of
central vestibular circuits.

The first experimental evidence that the basal ganglia
may influence responsiveness of the vestibular system
emerged from a series of experimental studies based upon
Muskens’ hypothesis. During the mid-1930s, a series of
studies by Delmas-Marsalet (62, 63) and Bergouignan
and Verger (24) reported that the circling behaviors
elicited by unilateral ablation of the caudate or lentiform
nucleus in dogs were accentuated after ipsilateral rota-
tion and abolished after contralateral rotation of the
animal in a modified Barany chair. Although they did
not measure the slow phase velocity of post-rotatory
nystagmus, it was reported to be subjectively normal.
They also analyzed the responses of the dogs to trans-
tympanic instillation of 1.5 ml of a 5% cocaine solution,
which produces symptoms of an ipsilateral hemilabyrin-
thectomy (61). They reported that the ipsilateral circling
behaviors produced by unilateral caudate lesions were
potentiated by applying coqaine to either the ipsilateral
or contralateral labyrinth and that nystagmus due to
vestibular anesthesia was in the appropriate direction
for normal dogs. After lentiform nucleus lesions, though,
they obtained the same results for ipsilateral cocaine
application, but noted that contralateral cocaine injec-
tions abolished motor symptoms of unilateral lentiform
nucleus ablation. Nystagmus, though, was elicited in the
appropriate direction. Several years later, Mettler and
Mettler (144) reported reduced reflex responses to rota-
tion after bilateral caudate ablation in cats and that
bilateral caudate lesions after bilateral labyrinthectomy
resulted in only symptoms of caudate damage. This led
to a conclusion that the effects of caudate ablation are
not dependent upon labyrinthine influences; rather, the
basal ganglia lesions were said to produce “labyrinthine
disregard” (142-144). The concept that vestibular cir-
cuits are invelved in the generation of circling disorders
elicited by manipulations of caudate nucleus cholinester-
ase activity was also suggested by Essig et al. (71).
However, these behavioral observations could be inter-
preted to indicate that the circling behavior elicited by
unilateral basal ganglia (or substantia nigra) ablation
represents an asymmetric release of vestibular circuits
from descending control. Alternatively, the data are con-
sistent with a summation of independent effects of
vestibular and basal ganglia circuits at a common site.
Thus, these studies do not provide direct evidence of
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either sites or the nature of basal ganglia interactions
with central vestibular circuitry.

A second line of evidence consistent with Muskens’
hypothesis has emerged from more recent studies of
patients with Parkinson’s disease, which is one chronic
condition when the CSF concentration of SRIF is re-
duced significantly with progress of the disorder (69,
101). Although Mettler (142) stated in 1940 that “it is
easy enough to forecast the side of greatest injury (in
basal ganglia) by the post-rotatory action of thepa-
tient. ...” quantitative physiological studies of veskib-
ular responses in patients with basal ganglia disease have
only been reported during the previous decade. Reichert
et al. (171) reported that a significantly greater progor-
tion of patients with Parkinson’s disease had decressed
to absent responses to bithermal caloric vestibular stim-
ulation (versus age-matched controls), that the degree of
vestibular impairment was associated significantly with
postural instability, and that the severity of both postural
instability and abnormal results of caloric testing seemed
to be related to the progress of the disease. White ef al.
(226), in a more rigorous physiological study of horizontal
vestibulo-ocular reflex performance, also reported in-
creased impairment of reflexes with progress of the dis-
ease. All patients with Parkinson’s disease showed defi-
cits in their ability to suppress the vestibulo-ocular reflex
by fixating a visible target, corroborating a previous
report of a small deficit in 3 of 8 patients (214). However,
only patients with advanced®disease showed a depressed
vestibulo-ocular reflex gain in darkness; these pati¢nts
also had deficits in their abilities to enhance the vesti-
bulo-ocular reflex by fixating either a visible stationary
target or an imagined stationary target. In a companion
study, White et al. (227) found that saccadic and smooth
pursuit eye movement deficits also progress with the
course of Parkinson’s disease. Of particular interest is
their observation that the closed loop smooth pursuit
gain was reduced uniformly at all target frequencies,
which they noted is also found in patients with cerebéllar
degeneration (239) and after cerebellar flocculus ablation
in monkeys (238). Taken together, these data are eon-
sistent with a hypothesis that substantia nigra and/or
basal ganglia can influence vestibular or cerebello-vestib-
ular integration in relation to compensatory motor activ-
ity.

There is a paucity of recent experimerfal investiga-
tions of interactions between the substantia nigra-basal
ganglia axis and vestibular reflex function. However,
there is direct evidence that unilateral manipulations of
substantia nigra or basal ganglia can produce barrel
rotation in rats. Kelly et al. (110) reported that a two-
dose protocol of intranigral microinjections of the potent
GABA antagonist, bicuculline methiodide (100 ng/1 ul)
produced continuous barrel rotation in four rats tested
with a second dose given after an interval of 6 days. In
addition, Iwamoto and Way (98) reported a progression

of symptoms from horizontal rotation (circling) to barrel
rotation with increasing unilateral intranigral doses of
morphine (2 to 64 nmol/1 ul), while James and Starr
(99) observed barrel rotation in rats after intranigral
injections of bacitracin, picrotoxin or kainic acid. Simi-
larly, Taylor et al. (212) reported dose-dependent circling
and BR in rats after unilateral injections of kainic acid
in the rostral caudate-putamen; BR was also reported
after relatively large intra-amygdaloid injections of this
neurotoxin (22). These reports, then, indicate that neural
events in nigral and basal ganglia circuits have the po-
tential to affect postural stability in the plane of hori-
zontal or vertical semicircular canals.

Other studies support a nigral or basal ganglia effect
on vestibular behavior in both primates and quadruped
mammals, but the neural substrates and nature of these
interactions have not been characterized adequately. Al-
though monkeys with unilateral 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) lesions of substantia
nigra reportedly show either ipsilateral circling sponta-
neously or begin to circle contralaterally after L-DOPA-
carbidopa treatment (15), their postural and ocular re-
sponses to vestibular and optokinetic stimulation have
not been examined. Similarly, monkeys with bilateral
MPTP lesions have been reported to demonstrate a loss
of vestibular righting reflexes, a failure of upgaze, and
abnormal smooth pursuit eye movements (191), but their
vestibular and optokinetic responses have not been char-
acterized. However, Boussaoud and Joseph (28) have
shown that unilateral microinjections of muscimol in
pars reticulata of substantia nigra of cats produced con-
tralateral head turning and a decreased gain of the ves-
tibulo-ocular reflex for ipsilateral but not contralateral
rotation. Optokinetic responses, though, were symmetric.
By contrast, bilateral muscimol injections resulted in
bilateral neck hypertonia without affecting the vestibulo-
ocular reflex gain. Although these data are consistent
with the concept that an asymmetry in nigral or basal
ganglia output may result in asymmetric vestibular func-
tion, they also are not sufficient to explain the bidirec-
tional vestibulo-ocular reflex gain deficit reported in
Parkinson’s disease. However, it is clear that the sub-
strates for basal ganglia-vestibular interactions can be
identified with current experimental methods.

G. Summary: Barrel Rotation and Disequilibrium
Syndromes

An experimental literature, extending from 1710 to the
present, indicates that barrel rotation is an extreme,
severe manifestation of asymmetric activity in structures
in the central nervous system that process vestibular
information and mediate postural stability. As such, it
represents the endpoint of a syndrome of dysfunction in
circuits processing information from at least the vertical
semicircular canals in quadrupeds. Less severe compo-
nents of this syndrome include unstable gait, bouts of
tonic unilateral hindlimb and forelimb extension and
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contralateral flexion with falling toward the latter side,
head torsion toward the flexed side, and ocular nystag-
mus. Circus movements (head-to-tail circling) after cen-
tral vestibular lesions in quadrupeds, on the other hand,
may reflect asymmetric activation of circuits processing
horizontal canal inputs.

Lesion studies indicate that barrel rotation is a specific
symptom of unilateral damage to a connected network
of structures regulating postural stability. These studies
implicate the vestibular nuclei, midline cerebellar cortex
or fastigial nucleus, midbrain structures in the vicinity
of the interstitial nucleus of Cajal, and, possibly, the
basal ganglia or substantia nigra, as sites where func-
tional asymmetry may result in disequilibrium and barrel
rotation. This raises the hypothesis, then, that discrete
hazard states for initiation of SRIF- or AVP-induced
barrel rotation represent different degrees of asymmetric
activation of these circuits. The direct implication is
intriguing: these endogenous neuropeptides may modu-
late states of sensitivity and/or balance of central vestib-
ular circuits.

V. Possible Sites and Mechanisms for Barrel
Rotation

A. Barrel Rotation and States of Destabilization: A
Model for Central Mechanisms Producing Hazard
Functions

1. General considerations: Properties of hazard func-
tions for barrel rotation onset. Hazard plotting analyses
of BR latency data have revealed discrete temporal prop-
erties of the susceptability to BR onset after i.c.v. injec-
tions of SRIF, AVP, or combined doses of peptides in
rats under a variety of experimental conditions. The
hazard functions, estimated by least-squares analyses of
hazard plots, are shown schematically in fig. 11. After a
threshold latency, u, naive rats given i.c.v. SRIF, AVP,
or combined doses under normal ambient illumination
enter an initial epoch with a relatively high instanta-
neous risk of BR onset (§7*; in %/s). At a second latency,
w1, the instantaneous probability of BR initiation drops
abruptly to a lower value (6~!;), which terminates at time
. Our empirical studies (9, 10, 206, 231-233) suggest
the existence of constraints on “permissible” values of
both the §~! parameter to four states and the u parameter
to distinct temporal windows (section II A). Further-
more, as summarized in fig. 11, the 67!, to 67!, transition
was abolished by administering AVP in darkness and
after labyrinthectomy or inferior olivary lesions with 3-
acetylpyridine; the value of u was also shifted signifi-
cantly to the left by acute removal of visual inputs in
animals with olivary lesions. Since these properties ap-
pear to be independent of the absolute incidence of BR
in the population, they represent a discrete, highly or-
dered response of the central vestibular system to phar-
macological perturbation. This section uses these hazard
functions to develop a heuristic model for the actions of

SRIF and AVP that lead to the severe vestibular dys-
function represented by BR. The following section re-
lates this model to the distribution and actions of neu-
ropeptides in central vestibular circuitry. This leads to a
series of hypotheses concerning the relationship of the
model derived from hazard analyses to physiological
actions of peptides at specific central sites.

The discussion in Section II illustrated a series of
important properties of the hazard functions for BR
onset. First, as shown in Table 4, there are four discrete
states of postural destabilization, represented explicitly
as ranges of 6~'. Second, there are temporal windows
which constrain the appearance of u, u;, and .. Third,
67! reflects both the dose of SRIF or AVP and interac-
tions between peptides; it can also be sensitized for AVP-
induced BR. Fourth, x can reflect increasing doses of
either SRIF or AVP and sensitization to AVP BR; how-
ever, it is insensitive to combined doses of peptides. Fifth,
the 07" state for the initial (or only phase) is insensitive
to deprivation of visual or vestibular inputs, inferior olive
ablation, atropine, and antiseizure medications. Sixth, u,
is eliminated by deprivation of visual or vestibular inputs,
inferior olivary ablation, atropine, and antiseizure med-
ications. Seventh, for AVP, BR can be shortened by
deprivation of visual input to rats after inferior olive
ablation and can be lengthened by diazepam, phenytoin
(200 mg/kg), or valproic acid (125 mg/kg); the 7! state

o

o;l

ol-l

PERCENT HAZARD

p ™
TIME (seconds)

F1G. 11. The general structure of empirical hazard functions for
barrel rotation onset in conscious rats. Under normal ambient illumi-
nation, the hazard functions obtained with SRIF and/or AVP in drug-
free rats display two characteristic phases (upper panel). After a min-
imum latency, there is an initial phase of high instantaneous probability
of onset of barrel rotation. This instantaneous probability is character-
ized by the hazard parameter (6~,). There is a sharp transition in the
hazard parameter at latency u, to a lower instantaneous probability of
the onset of motor symptoms (6~*;). This late hazard phase terminates
at time .. The lower panel shows the configuration of hazard functions
for drug-free animals tested in darkness or after lesions of the central
nervous system; the same configuration is observed after various drug
regimens. Note that the late phase of the hazard function is absent.
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is not affected by these manipulations. Finally, these

properties argue that the mechanisms generating §~* and

the u parameters are at least partially independent.

2. Biological interpetation of barrel rotation hazard
functions. A review of the literature indicated that barrel
rotation in quadrupeds is an acute, extreme symptom of
vestibular dysfunction, which is elicited by an asymmet-
ric perturbation of vestibular circuitry by lesions or phar-
macological manipulations (section IV). A compone*t of
the mechanisms mediating BR, then, clearly must in-
clude the responses of central vestibular circuits to asym-
metric perturbations. In a quadruped, BR seems ta in-
dicate a asymmetry in signals related to vertical semicir-
cular canals, which are roughly perpendicular to the axis
of self-rotation. Furthermore, the effects of AVP are
probably central because they are not blocked by bilateral
labyrinthectomy. In this context, peptide-induced BR is
simply the failure of central vestibular circuitry to com-
pensate for a peptide-elicited destabilization. This leads
directly to an intuitive description of the application of
the hazard functions to neuropeptide-induced BR. After
a minimum period for drug distribution, the peptide
produces an effect at receptors in central vestibular
structures that lead to a physiological asymmetry in‘the
circuit. However, central circuits initiate a compensatory
process to counteract this perturbation. The rate of fail-
ure of this compensation process over time is described
explicitly by the hazard function. Thus, this mode of
analysis provides a quantitative description of the time
course of failure of postural stability after a known
experimental manipulation.

This intuitive description can be replaced by a more
formal statement of the relationship of parameters of the
hazard function to the phenomenon of BR. The latency
to BR onset after i.c.v. neuropeptides reflects at least
three processes that are potentially influenced by peptide
dose and time. The influences of 1) peptide delivery,
distribution and pharmacokinetics, 2) the primary action
of peptides leading to an asymmetry in vestibular cir-
cuits, and 3) the engagement or failure of circuits to
compensate for the asymmetry are reflected in the pa-
rameters of the hazard function. As a consequence, each
feature of the hazard function has an explicit biological
interpretation:

1. The minimum latency (x) is the minimum time for
the occurrence of all three processes. For a given dose
of a peptide or combination of peptides, it is assumed
that the minimum value of u approximates the system
response when compensatory mechanisms either
failed instantaneously or were never engaged. Singe u
decreased with increased doses of SRIF or AVP (and
the resultant increment in 7!, state), it appears to be
a function of peptide delivery, the severity of ithe
physiological destabilization of central vestibular cir-
cuits, and/or failure of engagement of compensatory
processes.

2. The 67}, parameter directly reflects the severity of the
perturbation of central vestibular circuits. It is a func-
tion of the sensitivity of animals to a given peptide
dose; i.e., for AVP, the parameter can be altered by
prior exposure to the peptide.

3. The transitions from 67*; to 67, at u, reflect engage-
ment of central compensatory mechanisms which
counter the destabilization introduced by the phar-
macological perturbation. The initial, high hazard
phase represents the uncompensated state, i.e., the
system’s failure rate prior to engagement of compen-
satory mechanisms. In this sense, u; represents the
latency between peptide injection and engagement of
compensatory mechanisms that require both visual
and vestibular inputs in normal rats. Thus, the dura-
tion of the initial phase (duration = u; — u in normal
rats under ambient illumination) provides an estimate
of the integrative latency for these compensatory
mechanisms.

4. The mechanisms that reduce either 6, or 6, to zero
hazard at u. have not been affected profoundly by
experimental manipulations. They are slower for
SRIF than for AVP and may reflect a decay of the
effect at the primary site(s) of action. These features
summarize the conceptual basis for modeling the BR
hazard function.

3. Model for SRIF- and AVP-Induced Barrel Rotation. A
model for the hazard functions for BR onset latencies is
shown in fig. 12. This model consists of two basic parts:
1) a four-stage, peptide-sensitive compartment and 2) a
peptide-insensitive component that constantly sets val-
ues of u and 6~ and that inactivates stages A and B of
the peptide-sensitive component. The actions of this
peptide-insensitive component, then, generate the inflec-
tions in 6! at u,. In terms of the preceding discussion,
the former stages reflect direct actions of peptides on
central vestibular circuits, while the latter component
represents destabilization dynamics and engagement of
compensatory mechanisms.

The four underlying stages of the peptide-sensitive
component are derived from the discrete behavior of the
67! parameter documented in Section II An exponential
regression model was used for these constant hazard
state data because it is an appropriate approach for
determining the dependence of constant hazard func-
tions on concomitant variables (121). Since the hazard
parameter 0! displays four levels or states, a model of
the form

8-\ (n) = exp(1.087n — 3.261) forn =12, 3, 4
0 forn=0

was fitted to the data, where n = the state number and
07! = the empirically observed value for that experimen-
tal condition. The least squares regression for data from
states 1 to 4 were highly significant (©* = 0.96). This
indicates, then, that the behavior of the ! parameter
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F1G. 12. Proposed model for generation of hazard functions for barrel rotation onset in conscious rats. The model has both peptide-sensitive
and peptide-insensitive components. The peptide-sensitive component contains four sensitive stages that determine values of both x and 67'.
Transitions in hazard states are mediated by a peptide-insensitive compensator that is sensitive to visual and vestibular information. See text

for further description.

can be modeled as exponential process for transforming
activation of four discrete stages or sites into levels of
postural instability. In the model (fig. 12), activation of
each site (labeled A-D) by a neuropeptide results in a
change in state of an indicator variable (i,) from the
stable value of 0 to a value of 1. The hazard state is then
expressed as the current value of 2(i,), which generates
the current value of the ' parameter in the peptide-
insensitive component of the model. This model, then,
explains the discrete behavior of 6! in terms of activa-
tion of different combinations of four sensitive sites or
stages.

The criterion for selecting the properties for activation
of each of these stages was the reproduction of the
empirical hazard functions after application of different
doses of SRIF and/or AVP. The properties of these stages
are summarized as follows:

Stage A requires the presence of basal [AVP] and has a rela-
tively high sensitivity to [AVP]. It has relatively low sensitivity
to [SRIF]. Its maximum duration, in the absence of systemic
drug treatment, was 142 s (for sensitized rats given 0.5 ug of
AVP in darkness).

Stage B has a relatively low sensitivity to [AVP], but its
sensitivity can be increased by prior exposure to this peptide.
However, this site has relatively high [SRIF] sensitivity. Its
maximum duration, in the absence of systemic drug treatment,
was 150 s (for naive rats given 40 ug of SRIF and 1 ug of
mcAVP).

Stage C has relatively high sensitivity to [AVP]. It has a
nonlinear sensitivity to [SRIF] which can block activation at
higher doses. Its maximum duration, in the absence of systemic
drug treatment, was 142 s (for sensitized rats given 0.5 ug of
AVP in darkness).

Stage D has relatively low [AVP] sensitivity, which can be

increased by prior exposure to the peptide, It has relatively
high [SRIF] sensitivity. Its maximum duration, in the absence
of systemic drug treatment, was 142 s for rats given AVP and
925 s for SRIF.

The activation of these peptide-sensitive stages also
sets the value of the minimum latency parameter of the
hazard function. Since the permissible time windows for
the u parameter are independent of the specific peptide
injected, the process that updates this parameter is lo-
cated in the peptide-insensitive compartment of the
model. The minimum latency (u) is a discrete function
of the activation state of stages A and B. Activation of
stage A is sufficient to produce a u value in the range of
20 to 55 s (T,). Activation of stage B alone has emerged
in only three experimental conditions to date (table 7).
Two of these conditions yielded a value in the range of
73 to 88 s (T.); the remaining condition (SRIF 40-
mcAVP 1) showed a of 49 s (T,). Further studies yielding
stage B activation are needed to define further its rela-
tionship to values of the u parameter.

The compensator in the peptide-insensitive compart-
ment of the model (fig. 12) has several noteworthy prop-
erties. First, it is sensitive to the identity and number of
activated stages in the peptide-sensitive compartment.
Second, its dynamic behavior is affected by at least visual
and vestibular inputs. Third, its operations are inde-
pendent of the individual peptide(s) employed. Fourth,
it only inactivates stages A and B. Finally, it requires a
minimum integration time on the order of 40 s before it
can inactivate these stages. The patterns of activation of
these stages for different treatment conditions are sum-
marized in table 7.

The components of the model have been derived di-
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TABLE 7
Summary of generation of hazard functions by the model in fig. 12°
Peptide/ Stage T, o T, ) Long
SRIF 20 A
B XXXXXX XXXXXX
c
D XXXXXX XXXXXX XXXXXX
SRIF 40 A XXXXXX XXXXXX
B XXXXXX XXXXXX
Ve c =
D XXXXXX XXXXXX XXXXXX XXXXXX
SRIF 40 A ;
U-] mcAVP 1 B XXXXXX XXXXXX
c
= D XXXXXX XXXXXX XXXXXX XXXXXX
> SRIF 40 A XXXXXX EXXXXX
AVP 0.5 B XXXXXX XXXXXX
or (o]
g AVP 1 D XXXXXX EXXXXX XXXXXX XXXXXX
SRIF 20 A
,_] mcAVP 1 B XXXXXX XXXXXX
C
< D XXXXXX XXXXXX XXXXXX
U SRIF 20 A XXXXXX
AVP 0.5 B XXXXXX
= C XXXXXX
O D XXXXXX XXXXXX XXXXXX XXXXXX
AVP 0.5 A XXXXXX XXXXXX
naive B
c XXXXXX FXXXXX ?
- D »
AVP 1 A XXXXXX
O naive B XXXXXX :
5 o0 Booos  xoooo
U D XXXXXX XXXXXX
AVP 0.5 A XXXXXX
sensit B XXXXXX
light c XXXXXX XXXXXX XXXXXX
D XXXXXX EXXXXX XXXXXX
AVP 0.5 A XXXXXX XXXXXX XXXXXX
sensit B XXXXXX XXXXXX XXXXXX
dark c XXXXXX gggmcx XXXXXX
D XXXXXX XXXXXX
AVP 05 A XXXXXX XXXXXX
sensit B XXXXXX AXXXXX
¥ labyr C XXXXXX XXXXXX
light D XXXXXX XXXXXX
AVP 0.5 A XXXXXX AXXXXX
sensit B XXXXXX BXXXXX
labyr c XXXXXX RXXXXX
dark D XXXXXX EXXXXX
' * The pattern of activation of peptide-sensitive stages (A-D) ig. for each peptide condition in drug-free rats. The abbreviations for
treatment groups are identical to Table 4. The time epochs T ( sec), T; (73-88 sec), Ts (105-=130 sec), T (=140-200 sec) and Long (>250

8) represent the hazard state transition windows derived from fig. 8. Abbreviations: sensit, sensitized; labyr, labyrithectomized; light, peptide
given under normal laboratory illumination; dark, peptide given in llarkmu.
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rectly from empirically determined properties of barrel
rotation latency data from drug-free rats. The existence
of four peptide-sensitive stages, of separate peptide-in-
sensitive integrative operations for determining 6~* and
u, and of a peptide-insensitive compensator are inferred
from presently available data. However, it is premature
to speculate on the nature of interactions between the
peptide-dependent and -independent compartments or
between processes within individual compartments. For
example, the data do not yet permit resolution of the
source or nature of the central signals that activate the
compensator. Potential sources include one or more of
the following possibilities: a direct output from peptide-
sensitive stages (e.g., stages A and B), a direct output
from mechanisms generating u and/or 47}, a direct feed-
back of motor output signals (corollary discharge) or
sensory signals reflecting a mismatch between the ab-
normal motor output and the actual orientation of the
animal in three-dimensional space. Similarly, the data
base does not yet clarify whether the mechanism p de-
termining is 1) an independent element or 2) a compo-
nent of the compensator. However, identification of the
sites in the central nervous system that mediate these
properties will permit experimental resolution of these
issues.

B. Potential Sites of Action of i.c.v. SRIF and AVP

Analysis of hazard functions for BR predicts a model
with four stages that are sensitive to neuropeptides and
a compensatory mechanism that is sensitive to visual
and vestibular inputs and central vestibular stability. An
obvious question arises: “Where are these mechanisms
in the brain?” Our knowledge of central vestibular phar-
macology is insufficient to answer this question at pres-
ent. However, a comparison of the properties of the
stages in the model with properties of central structures
that can elicit BR in lesion studies (section IV C) can
identify potential sites for involvement in the different
compartments of the model. The explicit assumption in
this section is that sensitive sites for AVP and SRIF will
display both specific binding and immunoreactive ter-
minals for the peptide in question. This simplifying
assumption is made for inferential purposes only; it is
obvious that a high density of specific binding sites or
immunoreactive processes is not necessary for the ap-
pearance of a specific, physiologically significant effect.
The incorporation of multiple sites of action of AVP and
SRIF in the model is supported by results of previous
studies. Boakes et al. (26) reported that the fourth ven-
tricle was a highly sensitive site for inducing AVP BR,
citing a 50% incidence for a 1 ng dose. This was con-
firmed subsequently by Maiti et al. (131), who presented
evidence that the sensitive site may involve the cerebellar
nodulus and/or uvula, although a cerebellar nuclear ef-
fect cannot be excluded. By contrast, Naylor et al. (156)
reported a site that could be sensitized to AVP admin-
istration in the basal forebrain, near the bed nucleus of

the stria terminalis. The simplest, comprehensive expla-
nation of these results is that there are two distinct sites
for AVP action in BR. One is located in the basal
forebrain or rostral hypothalamus; the second is found
in the vicinity of the medulla or cerebellum. Similarly,
the vestibular nuclei are a sensitive site for SRIF-induced
BR (35), while the sensitive forebrain site for AVP can
be sensitized by prior exposure to SRIF (38). In the
absence of hazard functions, their correspondence to
stages in the model cannot be ascertained. However, they
confirm the existence of multiple sites of action at dif-
ferent levels of the nervous system that affect vestibular
function.

A discussion of the potential sites of action mediating
SRIF and AVP BR requires an initial consideration of
the mode of application of the drug and conditions for
stability for vestibular circuits. This is illustrated by the
example of effects of antimuscarinic cholinergic agents
and opioid peptide analogs. When viewed outside the
context of BR as a form of central vestibular dysfunction,
the fact that antimuscarinic agents can both produce
barrel rotation (36, 231) when given i.c.v. and block
neuropeptide-induced barrel rotation when give periph-
erally (50, 229) may seem contradictory. The same prin-
ciple applies to reports that both dynorphin (91, 103,
108, 163) and selective é opiate agonists (52) produce
barrel rotation when given i.c.v. However, the lesion
experiments imply that neuropeptide-induced barrel ro-
tation in quadrupeds is a hallmark of an imbalance
between left and right vertical semicircular canal signals
at central sites. Clearly, there are several ways to achieve
such an imbalance. First, asymmetric delivery of either
an agonist or antagonist can produce an imbalance,
either by direct excitation or inhibition or by disfacili-
tation or disinhibition with different time courses or
potencies at left versus right sites. For example, normal
anatomic asymmetry in the configuration of the brain
stem or cerebellum could produce asymmetric delivery
to sites surrounding the ventricular system. A second
possibility is that the transfer function of neurons in the
central circuits is altered such that the ability to com-
pensate for fluctuations in tonic inputs originating in the
left and right vestibular endorgans is compromised. As a
result, normal physiological asymmetry could cascade to
simulate a severe central imbalance. A third possibility
is that receptors for these compounds are distributed
asymmetrically in central vestibular structures. A fourth
possibility is that the central vestibular system is nor-
mally in a compensated state, which corrects for congen-
ital asymmetries in physiological properties of left and
right vestibular endorgans or central circuits. From this
perspective, BR may represent a form of decompensation
due to a transient perturbation by the neuroactive com-
pounds. The critical concept is that postural and ocular
stability depends upon a dynamic equilibrium between
signals originating in the left and right vestibular endor-
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gans: this equilibrium can be disrupted by either agonists
or antagonists of the same neurotransmitter or neuro-
modulator, resulting in the same vestibular dysfunction
syndrome. Each of these mechanisms has distinct impli-
cations for possible roles of neuroactive substances in
vestibular physiology. Tests of these hypotheses regard-
ing site-specific mechanisms of action, though, require
identification of the potential sites of action. This sectipn
considers the evidence for each site that has been impli-
cated in BR in either lesion, stimulation, or pharmaco-
logical experiments.

1. Vestibular nuclei and fastigial nucleus. Several lines
of evidence implicate the vestibular and fastigial nuelei
as major sites of action of i.c.v. SRIF and antimuscaripic
agents in the production of BR. First, direct microinjec-
tions of SRIF (35) and antimuscarinic cholinergic drugs
(34, 231) into the vestibular nuclei produce BR. Second,
the vestibular nuclei and fastigial nucleus display inter-
mediate to high concentrations of high affinity SRIF
binding sites (218); binding is greatest in the medial
vestibular and fastigial nuclei, with slightly lower binding
in the superior, lateral, and inferior vestibular nuclei.
Third, SRIF-like immunoreactive cell bodies and axens
are found in these regions: there is a relatively sparse
distribution of cells and axons displaying SRIF-like im-
munoreactivity in these nuclear groups, with slightly
higher densities of fibers reported in periventricular re-
gions of the medial and superior vestibular nuclei, the
ventrolateral quadrant of the lateral vestibular nucleus,
and the medial aspect of the fastigial nucleus (100, 220).
This suggests that SRIF may be released in these regions
as a consequence of neural activity. Fourth, muscarimic
cholinergic binding is high in the medial vestibular nu-
cleus, with intermediate binding in the lateral and infe-
rior vestibular nuclear groups (186, 222); fastigial nucleus
binding was not significant in one study (186) and not
described in the other (222). Fifth, there is a sparse
distribution of choline acetyltransferase-positive neu-
rons in these regions (5, 112). Sixth, direct application
of these substances produces postsynaptic effects on at
least vestibular nuclear neurons. For example, Chan-
Palay et al. (47) reported that SRIF depresses sponta-
neous responses of lateral vestibulospinal tract neurans
in the rat lateral vestibular nucleus and that the efféct
summates with GABA inhibition. Similarly, neurophar-
macological studies demonstrated that neurons in medial
and lateral vestibular nuclei show opposite responses to
iontophoretically applied cholinergic agonists (acetyl-
choline and nicotine) and to systemically applied cholin-
ergic antagonists (114, 115, 137); the most common re-
sponses were enhancement of firing rate by iontophoretic
acetylcholine or systemic physostigmine administration
and depression by scopolamine or mecamylamine. These
earlier findings are consistent with the recent report that
medial vestibular nucleus neurons are depolarized by
both muscarinic and nicotinic agonists in slice prepara-

tions and that these actions are blocked by selective
antagonists (164). Since both SRIF and antimuscarinic
cholinergic agents can produce BR, while systemic anti-
muscarinic agents antagonize the effects of SRIF (re-
viewed above), the most parsimonious explanation is that
the actions of SRIF depend upon background cholinergic
activity. This implies that the actions of SRIF either
modulate or are modulated by muscarinic activity at
these sites.

The present experimental record does not permit as-
sessment of possible differential roles of the vestibular
nuclei or fastigial nucleus in initiation of SRIF or anti-
muscarinic-induced BR or in determining the hazard
function for BR onset. The best evidence for an effect of
these structures is provided by the studies of Burke and
Fahn (34, 35), who placed 0.5 ul injections of either
antimuscarinic agents, chlorpromazine methiodide, or
SRIF in the vestibular nuclei of rats. Inspection of their
figures, though, clearly shows that the injection cannulae
passed directly through the fastigial nucleus. This im-
mediately raises the question of diffusion of the injection
to the latter structure and/or a confounded effects of a
simultaneous, partial lesion of the fastigial nucleus. The
same criticism applies to a subsequent study using anti-
cholinergic agents (231). As a result, these data must be
interpreted conservatively as being consistent with a role
of the both regions in BR evoked by SRIF or antimus-
carinic agents.

Experimental evidence suggests that the vestibular
nuclei and/or fastigial nucleus may not be not a primary
site of action in AVP-induced BR. Although Boakes et
al. (26) reported a significant leftward shift of the dose-
response relation for BR after AVP injections in the
fourth ventricle, Wurpel (231) found that microinjections
of AVP into the vestibular nuclear complex did not alter
the incidence from the value produced by lateral ventric-
ular injections. This is consistent with the apparent lack
of prominent AVP binding (25, 31, 216) or immunore-
active fibers in these regions (32, 195, 196, 209). However,
Maiti et al. (131) reported a low threshold site for AVP
BR in the nodulus-uvula. Since they could not exclude
the possibility that the fastigial nucleus was involved in
the injection sites, the possibility of a contributory role
for these sites to AVP BR or to the interactions of AVP
and SRIF cannot be excluded.

The possible role of these structures in BR induced by
opioid agonists and antagonists is also worthy of note.
The medial and lateral vestibular nuclei show low-inter-
mediate levels of dynorphin-like immunoreactivity (237).
Proenkephalin-positive neurons have been identified
both in a fiber plexus extending within the medial and
inferior vestibular nuclei and in neurons within the fas-
tigial nucleus (141). Furthermore, exogenously applied
[Leu]- or [Met]enkephalin depresses the spontaneous
firing rate of lateral vestibular nucleus neurons in a dose-
dependent manner (47). Like the depressive effects of
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SRIF, the responses to [Met]enkephalin peptides sum-
mated with effects of GABA. While [Leu]enkephalin
elicited the same behavior from some cells, it antagonized
the effects of GABA at other cells. Although there are
no direct studies of microinjections of opioid peptides in
the vestibular or fastigial nuclei to examine vestibular
disturbances, these reports imply that these regions are
a likely site for opiate effects on central circuits process-
ing vestibular information.

2. Cerebellar cortex. Experimental data implicate the
cerebellar cortex in the generation of BR after i.c.v. SRIF
or AVP injections. Maiti et al. (131) reported that BR
was elicited in a dose-dependent manner by 1 ul infusions
of 20 to 200 pmol (approximately 20 to 200 ng) AVP into
the region of the cerebellar nodulus (and, possibly the
underlying cerebellar nuclei) in rats. Prior exposure to
AVP at this site sensitized rats to subsequent application
of the peptide, and these effects were blocked by kainic
acid lesions of the cerebellar site. These data suggest a
primary role of the cerebellar cortex in the generation of
AVP BR. However, it is not the sole trigger site, because
cerebellectomy depressed but did not eliminate BR inci-
dence after i.c.v. AVP (229). Cerebellectomy abolished
the phenomenon of sensitization to i.c.v. AVP, though,
indicating that the cerebellum is essential for adjusting
the sensitivity of central vestibular circuits to the pep-
tide. By contrast, SRIF (but not AVP) injection results
in a characteristic pattern of Purkinje cell death in the
cerebellar anterior lobe in rats that display barrel rota-
tion (10, 12). It is significant to note that the degenerated
Purkinje cells project directly to the lateral vestibular
nucleus, which gives rise to vestibulospinal projections.
Although it has not been determined if Purkinje cell
toxicity is a direct or indirect effect of SRIF administra-
tion, these data are suggestive of a cerebellar role in
SRIF BR.

The distribution of endogenous neuropeptides and re-
ceptors in the cerebellar cortex is consistent with a
primary role in BR. Both SRIF- (100, 220) and AVP-like
(32, 90) immunoreactivities are present in the cerebellar
cortex. In particular, SRIF-like immunoreactivity was
reported in at least a subset of Purkinje cells and Golgi
cells (47, 100, 220) and in climbing fibers in the rat
flocculus (220). However, the distribution of high affinity
binding sites for either peptide is modest, at best, and
not associated densely with any particular regions (e.g.,
vestibulocerebellum) or cellular elements (e.g., 25, 31,
216, 218). Clearly, explicit investigations of the effects
of direct application of these peptides to discrete cell
populations and regions of cerebellar cortex are needed
to clarify the nature of the cerebellar contribution to
SRIF- and AVP-evoked postural destabilization.

The cerebellum displays a dense distribution of high
affinity binding sites for two other classes of peptides
that elicit BR. A dense, homogeneous distribution of «-
opioid receptors has been described in cerebellar cortex,

with neglible levels of 4- or u-receptors in the same
regions (213). By contrast, substance P shows an exquis-
itely discrete pattern of high affinity binding in the
cerebellar cortex (20, 183), which is restricted to a series
of sagittal bands in the molecular layer of lobule X and
the most ventral folium of lobule IX. A similar banding
pattern has been reported for muscarinic binding in
lobules IX to X and sagittal bands of pseudocholinester-
ase-positive Purkinje cells (86) are also restricted to this
region. These binding patterns are similar to sagittal
patterns of climbing fiber innervation and Purkinje cell
output projections to different vestibular nuclei (7, 11,
107), suggesting a relationship to specific cerebellar out-
put circuits. The selective distribution of pseudocholin-
esterase is also compelling, because, in addition to its
cholinesterase activity, this enzyme can hydrolyze sub-
stance P (126). In light of the observation of James and
Starr (99) of BR after intracisternal injections of sub-
stance P, these data raise the hypothesis that this peptide
elicits BR via a direct effect on nodulus Purkinje cells.
They also suggest a possible contribution of this region
to BR after i.c.v. anticholinergic injections.
Perturbation of physiological properties of cerebellar
afferents is another possible substrate for cerebellar in-
fluences on the incidence and sensitization of rats to
AVP BR. The climbing fibers are of particular concern
in this regard. These afferents originate in the inferior
olive (97), and the axons contribute collateralized projec-
tions to cerebellar and vestibular nuclei. The inferior
olive has high concentrations of specific AVP binding
sites (216). Olivary subdivisions also show appreciable
concentrations of SRIF-like immunoreactive axons and
cell bodies (100, 220) and intermediate levels of musca-
rinic binding (222). Since the inferior olive degenerates
retrogradely after mechanical ablation of the cerebellar
cortex (97), olivary disruption is a possible confounded
variable in cerebellar ablation experiments. This is an
important problem in studies of the stability of central
vestibular circuits, given the demonstration by Llinas et
al. (125) that compensation for a hemilabyrinthectomy
disappears after inferior olivary lesions in rats.
Chemical ablation experiments support a role of the
inferior olive in AVP BR. After destruction of the inferior
olive by 3-acetylpyridine intoxication (8, 125), the initial
incidence of BR was depressed significantly when AVP
was administered under normal ambient illumination
(233). Although the rats were sensitized to the effects of
a subsequent dose of AVP, the x parameter of the hazard
function was delayed significantly without affecting 6.
This finding suggests the emergence of an extraolivary
inhibitory or compensatory mechanism. A strikingly dif-
ferent response pattern was observed when 3-acetylpyr-
idine-treated rats were given AVP in darkness: the initial
incidence of BR was identical to control rats given the
peptide in either light or darkness and sensitization did
not occur. Furthermore, the BR hazard function after
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the second AVP dose was identical to a control popula-
tion given AVP in darkness. While these experiments
demonstrated that the effects of cerebellectomy cannot
be attributed purely to secondary degeneration of the
inferior olive, they yield some interesting insights into
properties of cerebellar circuits in AVP BR. Since the
incidence of AVP BR is reduced and the sensitization
phenomenon abolished by after cerebellectomy, these
findings imply 1) that an extraolivary (and possibly extra-
cerebellar) visual compensatory mechanism inhibits the
incidence of BR and 2) that both visual input via extra-
olivary pathways and intact climbing fibers projections:to
the cerebellum are necessary for sensitization to AVP BR.
In terms of the model, they implicate olivo-cerebellar
circuits as one component of the compensatory process.
Although this role is consistent with the effects of ablat-
ing these circuits on vestibular compensation after hem-
ilabyrinthectomy (127), it does not adequately explain
the delay in the parameter for 3-acetylpyridine-treated
rats in an illuminated laboratory. In the absence of
further experimental data, possible explanations in terms
of the model range from unmasking of a tonic, inhibitory
drive to sites sensitive to the peptide to an abnormal
operating characteristic for compensatory circuits.

3. Substantia nigra and basal ganglia. Examination of
the literature clearly indicates that asymmetric phar-
macological manipulations of substantia nigra can result
in horizontal circling that progresses to BR. For example,
intranigral microinjections of a single dose of morphine
(98), bacitracin, picrotoxin, or kainic acid (99), and a
two-dose protocol with bicuculline methiodide (110) have
all been reported to elicit BR in rats. However, intra-
nigral injections of 1 to 10 ug of substance P (99) pro-
duced only a contraversive circling that was blocked by
haloperidol, while intranigral dynorphin injections pro-
duced a dose-dependent contraversive circling that was
blocked by naloxone (92). Finally, 100 pmol (100 ng) of
AVP (156) failed to produce motor disturbances in six
rats tested. This latter finding suggests, then, that the
AVP-like immunoreactive fiber plexus (196) and pattern
of AVP binding (25) in substantia nigra do not reflect a
primary site of action of AVP in triggering BR. However,
other lines of evidence suggest a role of nigrostriatal
circuits in generation of the response to i.c.v. AVP.
Chemical ablation of substantia nigra and the neighbor-
ing ventral tegmental area with 6-hydroxydopamine de-
pressed the incidence of BR in response to AVP, but
sensitization to a second dose of the peptide was unaf-
fected (234). The same effects were observed after bilat-
eral kainic acid lesions of the striatum (234). These data
indicate that an intact nigrostriatal system and/or ven-
tral tegmental area is not necessary for either triggering
AVP BR in naive animals or for the sensitization process.
However, they suggest that these circuits are involved in
complete expression of the response. Since the incidence
of BR was too low to determine the hazard function,

these effects cannot be related explicitly to the schema
in fig. 12.

The caudate-putamen contains peptidergic and cholin-
ergic cells, axons, and high affinity binding sites, which
make it an obvious candidate for sites of action of neu-
ropeptides in the induction of motor disturbances. For
example, somata and axon plexuses displaying SRIF-like
(100, 220), proenkephalin, and prodynorphin (135; 136,
141), substance P-like (124) and choline acetyltransfer-
ase immunoreactivity (5, 93, 112) have all been reported
in the striatum. These regions also show moderate levels
of SRIF binding (218), moderate to high levels of sub-
stance P binding (20, 183), and dense to very dense
distributions of 4, x, and u opiate binding (135, 136).
However, unlike substantia nigra, unilateral manipula-
tions of the striatum do not appear to consistently elicit
BR. For example, to our knowledge, there is only a single
report that unilateral kainic acid injections in the rostral
caudate-putamen produces barrel rotation (212). Fur-
thermore, intrastriatal injections of up to 10 ug of SRIF
did not elicit BR in another report (178). Thus, the
depression of AVP BR incidence after bilateral caudate-
putamen lesions (221) does not appear to reflect ablation
of a primary site of initiation; rather, this finding sug-
gests that intact nigrostriatal circuitry is necessary for
complete expression of the response.

4. Other potential sites. a. BASAL FOREBRAIN: BED NU-
CLEUS OF THE STRIA TERMINALIS. Naylor et al. (156)
presented convincing evidence of a sensitive forebrain
site that displays sensitization to AVP-induced motor
disturbances and BR. Injections of 100 pmol (approxi-
mately 100 ng)/0.5 ul into a region between the anterior
commissure and and the anterior hypothalamus elicited
a low incidence of BR after an initial exposure. This dose
is higher than doses which produce BR in the fourth
ventricle or cerebellar nodulus (26, 131) and the inci-
dence did not differ appreciably from the effects of an
equivalent i.c.v. dose in other studies (e.g., 1, 26). How-
ever, administration of the same dose after 1 to 2 days
revealed a potent sensitization to effects of the peptide.
Inspection of their illustration revealed that effective
injection sites were clustered within and in the immedi-
ate proximity of the bed nucleus of the stria terminalis;
the relatively large injection cannulae (20 gauge; approx-
imately 900 um outside diameter) preclude resolution to
the level of subnuclear regions. The distribution of im-
munoreactive neuropeptides and high affinity binding
sites and the connections of this basal telencephalic
region are consistent with a role in BR. The bed nucleus
of the stria terminalis contains a high concentration of
high affinity AVP binding sites (216), a light density of
AVP immunoreactive fibers (195, 196), a heavy density
of SRIF-like immunoreactive processes (100, 220), and a
moderate to high density of SRIF receptors (218). This
nucleus also has significant distributions both of high
affinity muscarinic (185) and u-, 8- and x-opioid receptors
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(135, 136) and of immunocytochemically identified cho-
line acetyltransferase- (112), pro-opiomelanocortin-,
pro-enkephalin-, and pro-dynorphin-containing neurons
(136). These data, then, are consistent with the demon-
stration that this site can be sensitized by prior AVP
exposure to elicit a high incidence of BR and suggest
that it may form one substrate for interactions between
the AVP and other peptides. Finally, since injections of
SRIF in this region can sensitize rats to subsequent
injections of AVP (38), the bed nucleus of the stria
terminalis may be partially responsible for the contralat-
eral bias in the direction of barrel rotation in the SRIF
40-AVP 1 and SRIF 40-mcAVP 1 groups.

The connections of the bed nucleus of the stria ter-
minalis imply that it may provide a descending input to
midbrain dopaminergic neurons. This pathway, then,
would provide inputs that can be sensitized by prior
exposure to AVP. As reviewed by de Olmos et al. (64),
the lateral division of the bed nucleus of the stria ter-
minalis, like the central amygdaloid nucleus, contributes
descending projections to two midbrain dopaminergic
cell groups (pars compacta of substantia nigra, the ven-
tral tegmental area), to a major noradrenergic cell group
(locus coeruleus), and to three central autonomic regions
(parabrachial nucleus, dorsal motor nucleus of the vagus
nerve, and nucleus tractus solitarius). Since other divi-
sions of the bed nucleus of the stria terminalis project to
both the lateral division of the nucleus and to the central
amygdaloid nucleus, these direct and indirect descending
pathways are likely to mediate the responses elicited by
AVP. However, connections that are likely to mediate
interactions between this sensitive site and more caudal
sensitive regions are unclear.

b. INTERSTITIAL NUCLEUS OF CAJAL.The interstitial
nucleus of Cajal and adjacent regions were suggested by
previous studies as sites at the mesodiencephalic junction
that are involved in BR generation (see section IV).
However, the apparent lack of detectable peptidergic and
cholinergic receptors and SRIF, AVP, substance P, or
choline acetyltransferase immunoreactivity argue
against a direct peptidergic action in the interstitial
nucleus as a mediator of BR. This does not imply, though,
that the interstitial nucleus of Cajal can be excluded as
a modulator of sites affected directly by the peptides.
The model derived from the hazard functions contains
both 1) a peptide-insensitive compensatory component
that is sensitive to both vestibular and visual influences
and 2) a site that adds the effects of activation of the
peptide-sensitive stages to produce the hazard function.
Furthermore, the literature discussed above has sug-
gested that potential peptide-sensitive sites for BR ini-
tiation are organized around two neuronal networks, one
located in cerebellum and the brain stem (i.e., a vestib-
ular-fastigial-cerebellar axis) and the other in the sub-
thalamus and ventral forebrain (i.e., a substantia nigra-
ventral tegmental area-basal ganglia-bed nucleus of the

stria terminalis-amygdala axis). Thus, candidates for
peptide-insensitive compensatory or summation mecha-
nisms should also be connected with these spatially
distinct peptide-sensitive regions.

The connections of the interstitial nucleus of Cajal
suggest that it is a strong candidate for a structure
involved in these peptide-insensitive processes. First, the
efferent connections of the interstitial nucleus of Cajal
are consistent with neuropeptide-induced BR as a symp-
tom of vestibular dysfunction in the plane of the vertical
semicircular canals. Neurons in the interstitial nucleus
project directly to vertical canal-recipient neurons in the
vestibular nuclei (80) and the structure is important for
maintaining vertical gaze stability (e.g., 4, 40, 45). The
nucleus also projects to both the inferior olive and spinal
cord (e.g., 3, 45), which provide other pathways for influ-
encing vestibular nuclear or motor function. Second,
neurons in the interstitial nucleus receive both vestibular
and visual inputs. Neurons in this region receive direct
vestibular nuclear afferents that are driven by vertical
and horizontal canal signals (e.g., 80-82); visual inputs
from both the pretectum (23) and the superior colliculus
(94) have also been documented. Finally, the interstitial
nucleus of Cajal appears to receive inputs from both the
brain stem and the subthalamic-ventral forebrain cir-
cuits that are potential sites of peptide action in BR
initiation. Although the projections from the vestibular
and fastigial nuclei and group y to the interstitial nucleus
are well-established (e.g., 82), the evidence for nigral or
ventral tegmental inputs to this structure has not been
addressed explicitly in the literature. One potential in-
direct nigral input, via the nigrotectal pathway, has
already been described. In addition, anatomic studies
raise the possibility that the interstitial nucleus of Cajal
receives a direct input from substantia nigra [compare
chartings in refs. 21 and 85 with the description of the
interstitial nucleus of Cajal (187)]. Given that BR can
be produced by unilateral stimulation of this region (88),
these data support a role of the interstitial nucleus of
Cajal in compensatory or summation processes underly-
ing the hazard function.

5. Global perspective: simultaneous actions at multiple
sites. Empirical results concerning a) the incidence of
BR as a function of SRIF and AVP doses, b) hazard
functions for BR onset, c¢) the distribution of sites that
produce BR after lesions or local pharmacological ma-
nipulations, and d) the distribution of SRIF and AVP
binding in the brain all imply that BR reflects simulta-
neous and specific actions of the peptides at multiple
sites. In particular, the behavior of the hazard functions
suggests that there are four stages (or mechanisms) that
are sensitive to SRIF and AVP and that at least one
peptide-insensitive site compensates for the peptide-in-
duced perturbation and may summate the effects of the
peptide-sensitive mechanisms. The formulation of this
model has now raised the question of the location of
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neuronal populations that underlie these stages. Al-
though it is tempting to associate a single site with a
single stage, it is premature to exclude the possibility
that a given anatomic structure may be involved in more
than one stage of the hazard-based model. Furthermore,
these stages may correspond, not to single structuses,
but to multineuronal networks spanning several struc-
tures (e.g., cerebello-corticonuclear circuits). These im-
portant caveats must be considered in future studies of
sites producing BR.

The current literature allows a tentative association of
some central vestibular structures with components of
the model in fig. 12. The fastigial and vestibular nuslei
are two candidates for sites involved in stages B and/or
D on the basis of high SRIF sensitivity. The bed nucleus
of the stria terminalis is another candidate for involve-
ment in stages B and/or D, since it shows both AVP gnd
SRIF binding and can be sensitized to effects of AVP by
prior exposure to the peptide. By contrast, potential sites
involved in stages A and/or C include the inferior olive,
cerebellar cortex, and, possibly, a basal forebrain region
such as the bed nucleus of the stria terminalis. The
interstitial nucleus of Cajal is a candidate for a peptide-
insensitive compensatory site. These hypothetical sites
of action are amenable to direct experimental verification
by observing hazard functions after local peptide injec-
tions.

VI. Concluding Remarks

This review has presented evidence that multiple en-
dogenous neuropeptides and antimuscarinic cholinergic
agents can elicit symptoms of vestibular dysfunction via
specific actions in central vestibular circuits. These cen-
tral sites are characterized by the presence of these
neuropeptides and their high affinity receptors. Since
experimental evidence indicates that multiple, interac-
tive sites of neuropeptide action are present in vestibular
circuits, changes in the functional status at one or more
sites are likely to have an impact on the responses of the
vestibular system to regulate postural and ocular stabil-
ity. Furthermore, since central vestibular circuits are
involved in generation of autonomic symptoms associ-
ated with motion sickness (169) and vertigo, it is reason-
able to posit that alterations of neuropeptide functiens
at these central sites are of pathophysiological signifi-
cance. Finally, the documented efficacy of some clinically
useful antiseizure medications against neuropeptide-in-
duced vestibular dysfunction raises the issue of a linkage
between central actions of these peptides and vestibular
epilepsy (29, 30).

Note added in proof: A recent paper (cited below)
has documented the efficacy of multiple anticonvulsant
drugs against barrel rotation that was induced by intra-
striatal quinolinic acid injections in rats.

MARRANNES, R. AND WAUQUAIR, A.: Episodic barrel
rotation induced by intrastriatal injection of quinolinic

acid in rats: inhibition by anticonvulsants. Pharmacol.
Biochem. Behav., 31: 153-162, 1988.
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