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Abstract. A point process analysis was performed on
extracellular trains of spontaneous activity, which were
recorded from anterior semicircular canal units in
Scarpa’s ganglion in the anesthetized pigeon. For
stationary units, the mean interspike interval (ISI)
varied from 4.00 to 51.22ms, and the coefficient of
variation ranged from 0.05 to 0.88. Selected tests
indicated that 63.6% of units had the properties of a
renewal process. The ISI histograms of these “renewal”-
type units were fitted with several probability density
functions (pdfs) including the gamma, exponential,
exponential-with-delay and the pdf for the first passage
times (fpts) in a Wiener-Lévy (WL) process. The WL
process provided a good fit to “irregular” discharge
patterns. Furthermore, a neurophysiological basis for
this process exists within the vestibular neu-
roepithelium. It is conjectured that a generalization of
this process would also describe “regular” discharge
patterns which have been observed in the spontaneous
activity of vestibular primary afferents.

Introduction

Wersill (1956) first demonstrated that the vestibular
neuroepithelium consists of two kinds of hair cells. The
Type I hair cell, which is only found in the mammal,
bird and reptile, is bottle-shaped and is innervated by a
nerve fiber whose calycine ending forms a shell around
the cell. The Type II hair cell is cylindrical and is
innervated by two or more bouton-type endings pos-
sibly from several nerve fibers. Other recent ultrastruc-
tural ‘observations show that the innervation of the
vestibular neuroepithelia is, indeed, complex ; e.g., there
is not a one to one correspondence between each hair
cell and a primary afferent fiber. In fact, a single nerve
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fiber may make contact with several hair cells; and,
often, an individual hair cell is innervated by several
nerve fibers (Iurato and Taidelli, 1964; Smith and
Rasmussen, 1968 ; Engstrom et al., 1972 ; Jorgensen and
Andersen, 1973).

It is very difficult to record the intracetlular poten-
tials directly from these hair cells with any degree of
reliability or consistency. In the first place, these cells
are small [20—40 um in length and 4-10 pm in diameter
(Flock, 1971)]. Secondly, the hair cells of the vestibular
and auditory organs are enclosed within the mem-
branous and bony labyrinths in the skull and any
approach to either of these cells necessarily destroys the
integrity of the entire system. Thirdly, any technique
which exposes the hair cells for recording purposes
unavoidably interferes with the equilibrium of the otic
fluids bathing them and may also jeopardize their
vascular supply. Any such interruptions of the normal
otic metabolism may cause changes in the intracellular
potentials of the hair cells.

Many of these problems can be overcome or
minimized by recording extracellularly the spike train
activity from the primary afferents which make synap-
tic contact with the hair cells. Data from other neural
structures (Junge and Moore, 1966 ; Calvin and Stevens,
1968) show that the membrane potential fluctuations
recorded intracellularly do correlate well with the
variability in the interspike intervals (ISIs) associated
with the extracellular recording of spike train data.

In previous studies, the spontaneous discharge
patterns from primary afferents of the cristae ampul-
lares were characterized simply by their first-order
statistical properties (Goldberg and Fernandez, 1971;
Correia and Landolt, 1973; Lifschitz, 1973). This
procedure is insufficient to model the process which
generates and characterizes vestibular primary afferent
discharges. In this paper, we have applied a set of more
stringent tests (Lewis et al., 1969 ; Landolt and Correia,
1977) to determine whether or not selected units can be
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characterized by the first-and second-order properties
of their discharge patterns. In those units which passed
these tests and qualified as being from a renewal
process, we attempted to specify their first-order pro-
perties more precisely by fitting several probability
density functions (pdfs) to their ISI histograms.
Additionally, we applied second-order analytical tech-
niques to all units to elicit further information. Finally,
we have used our results, combined with neuroanatomi-
cal and neurophysiological observations, to make signi-
ficant inferences about the generation of spontaneous
activity in the vestibular sensory neuroepithelia.

Methods

Experimental

White King pigeons (Columba livia) were used as experimental
animals. Trains of spontaneous activity were recorded with metal
microelectrodes from 120 primary afferent neural units which
innervated the crista ampullaris of the right anterior semicircular
duct. Data acquisition was begun after allowing 2 min stabilization
with the bird’s sagittal head plane perpendicular to an earth-fixed
vertical. Spike activity was processed by means of a Model 1074
physiological signal analyzer (Nicolet Instrument Corp.) and stored
on DECtape (Digital Equipment Corp.) for further analysis. The ISIs
were determined with a resolution of 1.0 ms. These intervals and the
IST histograms which were formed from them constitute the data base
for the analysis presented herein.

Prior to the recording session, each bird was anesthetized by L.V.
injection of approximately 1.0 ml Equi-Thesin® and subsequent doses
of 0.2 ml were administered as necessary. Equi-Thesin® consists of
chloral hydrate (42.50 mg/ml), pentobarbital (9.72 mg/ml) and
magnesium sulfate (21.26 mg/ml) in 42.8% propylene glycol, 11.5%
alcohol and distilled water. Other techniques used in surgery,
microelectrode fabrication, single unit isolation, and data acquisition
have been outlined in more detail elsewhere (Correia et al., 1973).

Computational

The ISIs for all 120 units were initially screened by performing a test
of stationarity using a PDP/9T computer (Digital Equipment Corp.).
This test, the Wald-Wolfowitz runs test (Himmelblau, 1970), was
applied to different segments of the sample spike train which
included: 1. the entire spike train 0-L (L = total number of spikes in
the sample, which varied from 3427 to 4095 spikes) subdivided into
128 time interval lengths (TILs); 2. the record length from 0-2048
spikes subdivided into 64 TILs; and 3. the record lengths 0-1024,
1025-2048, 2049-3072, and 3073-L, each of which was subdivided into
32 TILs. Except for the record length 3073-L, the mean number of
spikes per TIL varied from 27 to 32 spikes; values considered to
represent a compromise between larger numbers which might mask
out any trends due to too lengthy a segment, and smaller ones which
would not give enough variation for a justifiable statistical analysis.
Departures from stationarity were tested using the approximate
standard normal variate, Z =(|r - f1,| —$)/SD,, where r=number of
runs, and f, and SD, are the mean and standard deviation of r,
respectively.

For units whose ISI data were determined to be stationary by the
Wald-Wolfowitz runs test, estimates of the mean interval, ji,

n
=(1/n) ¥ x;; variance, 62=nm,; standard deviation, SD=(m,)"/?;
i=1

mean firing rate, A= 1/,ux, coefficient of variation, CV= SD/u ;
coefficient of skewness, i, —m3/m;, coefficient of kurtosis, /32
=m,/m3; and coefficient of excess, ([32 3), were determined. In the
above equations, m, =(1/n)Y (x,— A, )* (k=2,3,4,...).

Based upon the results of the stationarity test and the characteri-
zation of the spike train data by their first-order properties, ISI
samples (n=1024) from 22 representative units were analyzed as a
point process by means of a computer program, SASE IV (Lewis et
al., 1969) with a PDP/10 computer (Digital Equipment Corp.). (A
larger sample would have been prohibitive because of the large
amount of computation time required to study each unit.) In order to
assess the accuracy and efficiency of SASEIV, the computer pro-
grams which comprise this package were used to analyze an artificial
Poisson process (APP). The APP was produced by first generating a
series of uniformly-distributed, random numbers u(0,1) with the
PDP/10 computer (mean value, 4, =10) and then calculating a series
of random numbers, —log,u(0, 1). These values represent a sample
drawn from an exponential distribution with parameter 1.0, and
therefore represent the duration between successive events of a
Poisson process having unit mean rate.

Tests of independence of intervals were performed using statis-
tics based on serial correlation coefficients, the spectral density of
intervals and exponentially-ordered scores. SASEIV was used to
obtain estimates of the serial correlation coefficients
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whose test statistic, § (n~j)'/%, represents a standard normal variate
for large values; the spectral density function of the time intervals
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where {; represents a Parzen weighting sequence (Cox and Lewis,

1966) whose values were suitably chosen as a compromise between

smoothing and resolution of detail in f,(w); and exponentially-

ordered scores,

J .
E(G)= Y 1/n~i+1) (i=L..n), 3
i=1
which represent the expected value of the * largest interval of {x;}
from a unit exponential distribution of size n. When each of the
original sequentially-ordered x;’s is replaced by its corresponding
E,(j) and a new series, with set {z,}, is formed, the following product-
moment test statistic can be calculated

n—h
R,= Z ZiZjap- ©)
i=1
The distribution of R, for three lags (h=1,2,and 3) under the null
hypothesis of independence has been tabulated by Lewis and
Goodman (1968).

In addition to the general tests of stationarity and independence
described above, the data were tested against the following point
processes:

a. Time-Dependent Poisson Process. The test is for a trend (non-
stationarity) in the rate of occurrence, A(x), of a time-dependent
Poisson process. The form

Ax)=e*"F* )

is used and the test is for f=0 versus §=0 (« is only a scale factor)
using a statistic (hereafter called V-statistic) derived by Cox and Lewis
(1966, pp. 45-51). This statistic has a standardized normal form for
large n.



b. Standard Poisson Process. For a Poisson process, the quantities

Y=s/5, (=12,...n) (6)

represent the order statistics from a random sample of size n which is
uniformly distributed 4(0, 1). In (6), s; and s, are the total time lengths
to the ™ and n'* spike, respectively. Similarly, by ordering the
intervals between events in increasing magnitude, x}, the quantities

W,={xi+x3+ ... +x}; +(n+2—i)x}}/s, @)

also have the same distributional properties as the ¥;s for the null
Poisson hypothesis. Equation (7) is used to gain power against certain
false null hypotheses for which the power of the goodness-of-fit test of
the ¥s is low. Goodness-of-fit of the distributions of Y, and W, was
tested using the distribution-free, one-sided Kolmogorov-Smirnov
and Anderson-Darling statistics ; the asymptotic significance values
of which are tabulated on p. 258 in Cox and Lewis (1966). [For CV
< 1.0, we used a one-sided form of the Kolmogorov-Smirnov statistic
(cf. Lewis, 1965).]

¢. Ordinary Renewal Process. Specific tests of the null hypothesis for a
renewal process are based on the argument (Bartlett, 1954) that the
estimates of its periodogram have asymptotically independent and
identical exponential distributions with mean value, 1/4=62/n. The
alternative hypothesis is for a non-constant spectrum. The per-
iodogram is defined as ¢;=(a;|*/2ano2, where the as are complex
numbers that have been determined by the finite Fourier transform of
the intervals, x,. The quantities
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should, thus, represent the order statistics from a uniform distribution
u(0, 1). The Anderson-Darling and one-sided K olmogorov-Smirnov
statistics were used to estimate the uniformity of the Cs.

d. Renewal Process in which IS1s are Distributed According to a Gamma
Distribution Function. We used the Moran statistic (Lewis, 1965),

M=-2 Z loge(xi/ﬂx) 3 (9)

i=1

to test the Poisson hypothesis against the alternative renewal process
having ISIs distributed in the form of a gamma pdf, ie.,

p(x)=2x"te~/I'(d) (6=0,0=x=<Lw0), (10)
where I'(6) is the Gamma function and § is a shape parameter. For
6=1, p(x)is exponential. We tested § =1 against § > | with the Moran
statistic, which has a y>-distribution with n— 1 degrees of freedom (df)
for large n.

In addition to tests relating to the interval aspects of a point
process (vide supra), we also evaluated the neural data using
functions related to three second-order properiies of the counting
aspects of the process (see Cox and Lewis, 1966 ; Landolt and Correia,
1977, for a discussion of the differences between these two aspects).
These three functions are the expectation density, g(x), the variance-
time curve, Var[t], and the spectral density of the counting process,
I, (w).

Formally, we may write

) prob[event in (x, x + 4x)|event at x =0
g(x)= lim ( )l 1 (11)
Ax=0* Ax

for the expectation density. We used a smoothed estimate of g(x);
namely,

iy +y/2y=res,/Inyls, —ky — /21, 12
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where y is the smallest interval over which “smoothing” occurs, and r,
represents the contribution of all possible sums of contiguous times
between impulses in the spike train during successive intervals
ky(k=1,2,...). With the null hypothesis of a Poisson process, the
approximate 5% confidence limits for an individual g(ky +y/2) are

[~ 1)/5,1 £ 1.96/[y(s,— ky —p/2)]"2. {13)

Var[t] determines the way in which the variance of the number of
impulses in a fixed interval of time, s, varies as a function of the time.
Two methods were used to estimate Var[¢], both of which can be
found in the literature [see p. 115-118 in Cox and Lewis (1966), and
the description of the VART and COV subroutines in SASEIV
{Lewis et al., 1969)]. To indicate the variance of the estimate Var[] for
a Poisson process, the expression

20 4An?: wt?
et —
3 3 2
Sn 3S" S’l

Var[Var(t]]~

(14)

was used (4 represents a binning interval over which impulse counting
takes place).

The spectral density function, I (w), converts a differential
counting process from a time domain function to one in the frequency
domain by means of a Fourier integral [Eq. (15), p. 74 in Cox and
Lewis (1966)]. The actual form of the estimate [ +() that is used in
SASE1V is quite cumbersome and can be located elsewhere (see p. 23
in Lewis et al., 1969). It should be noted, however, that the computer
program estimates a normalized spectrum, I(#) = 2xs,I , ()/n, which
has the constant value 2.0 for the special case of a Poisson process.
SASE1V uses a uniform weighting scheme to smooth the spectrum;
the purpose of which is to obtain a consistent estimate of I, {w).
Herein, the significance bands (x3 .,)/c and (13, ;_,.,)/c were
estimated for the spectrum when smoothed over successive sets of
¢=20I () under the null hypothesis of a Poisson process. Thus,
the probabilities that all points fall within these two bands are 0.95
at a level =0.001 and 0.60 at «=0.01, respectively.

Curve-fitting techniques were applied to the ISI histogram data
in order to determine a “best-fitting” pdf, p(x), for representative units
demonstrating the properties of a renewal process. The distributions
which were chosen as possible fits to the ISI histograms all have a
potential neurobiological basis for spike initiation in the vestibular
neuroepithelium (see Discussion). These include the exponential, the
exponential-with-delay, the gamma, and that for the first passage
times (fpts) of a Wiener-Lévy (WL) process with absorbing barrier
[pp. 219-223 in Cox and Miller (1965)]. The WL fpt pdf may be
written as

01 (01)2 (92)2x
€X -

Ve L 2k 2

from which are obtained p,=9,/8,, and CV=(6,6,) '/~

These pdfs were fitted iteratively by a nonlinear curve-fitting
program (Brassard et al., 1975) to the ISI histogram data by means of
a PDP-11/20 minicomputer (Digital Equipment Corp.). The best fit
parameters are indicated by the Least Squares Error (LSE), which is
formed from the sum of the squared differences between each value of
the best fit, candidate pdf and each corresponding value of the
empirical ISI frequency distribution. We used the RMSE, which is
defined as

p(x) +6,0,|, 15

RMSE =[LSE/(N — k)]/2, (16)

to compare the goodness-of-fit of the derived pdf to that of the
empirical data [N =number of class intervals (bins) in the histogram,
and k =number of parameters]. The suitability of a candidate pdfasa
model for an ISI histogram was determined by the distribution-free
Kolmogorov-Smirnov (KS) statistic, D, (Feller, 1948). We use Py,
(Table 2), which is the probability associated with the limiting
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distribution function (nD,)'/? and it specifies that a rejection of
distributional equality is false. The Williams and Kloot test
(Himmelblau, 1970) was employed to provide a t-test and determine
statistically significant differences between best-fitting models.

Results

Spike Train Stationarity

The Wald-Wolfowitz runs test evaluates conditions of
weak stationarity. When this test was applied to our
sample of 120 neural units, the presence of a trend (Z, P
<0.01) was noted in 69 units (57.5 %), while no trend
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Fig. 1A—C. Graphical representations of some low-order, sample
statistics from the pool of 51 stationary units. A Logarithmic—
logarithmic relationship between SD and fi, shows that a power
function having an exponent of 1.52740.157 (mean + SEM) fits the
data quite well (Pearson product-moment correlation coefficient
r=0.811, P <0.001). The two slightly curved dashed lines represent
the 95.0% confidence belt (t=2.009, df =49) for individual events in
SD. At this level, about 5.0% of points can be expected to fall outside
the confidence limits. B Bar histogram of coefficient of variation, CV,
for all units. C Bar histogram of mean spontaneous firing rate, A, for
all units. Units identified by A in A and those within cross-hatched
regions in B and C were selected for further study using a computer
program called SASE IV (see Methods-Computational)

was indicated in the remaining 51 units (42.5%). When
the spike train sample was sectioned into “quarters” (see
exact record length in Methods-Computational), we
found that, for all but two units, stationarity was
maintained in each quarter as well as for the total
record length in the case of the 51 stationary units. In
contrast, of the 69 units showing a non-stationarity in
their overall neural firing patterns, a total of 40 units
(58.0 %) gave indication of a trend in one or more of their
quarter data segments. (This figure is increased to
76.8 % for a level of significance P <0.05.) These results
indicate that short-term trends appear to carry over
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Pearson Type II line
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Fig. 2. Plot of coefficient of skewness

COEFFICIENT OF SKEWNESS  (f,)

(B,) versus coefficient of excess

(8,—3) (B, =coefficient of kurtosis)

for 46 stationary units and the APP. The line
B,—B,+1=0 represents the theoretical upper
boundary for units characterized by the
Pearson system of frequency curves (Pearson

B =0

10 15
COEFFICIENT OF EXCESS (f,-3)

into long-term trends in the majority of the non-
stationary units that we analyzed. In contrast, the
stationary units tend to be trend-free throughout
regardless of their sample length sizes.

First-Order Statistics

For the 51 stationary units, /i, varied from 4.00 ms to
51.22 ms, with an average of 15.06 ms and a standard
deviation of 11.38 ms. The SD’s of these units range
between 0.18 ms (for a very regularly firing unit) and
32.07 ms (in a unit displaying considerable spread about
its 4i,). The relationship between SD and j, for these
units is shown in Figure 1A and can be expressed in the
form

SD =0.0722 j{1-527£0.157) (17)
Histograms of the number of units versus their CV and
/4 are shown in Figures 1B and C, respectively. All units
had a CV< 1.0 (range —0.05—0.88). Values of B | Versus
(B, —3) are shown in Figure 2 for 46 of the stationary
units. The majority of the neural units fall into two
distinct groups, one about the Pearson Type III line
(Pearson and Hartley, 1970) (irregular units) and the
other about the line of negligible skewness, ;=0
(regular units). It is important, however, to note that
there are some units which lie outside these two
extremes and cannot be clearly classified as having
either regular or irregular spontaneous activity. Units
at the intersection of the Pearson Type III line and the
line, f, =0, have intervals which can be described by a
normal (Gaussian) distribution. Units directly on the

20

I and Hartley, 1970)
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Pearson Type 111 line theoretically should display ISIs
characteristic of the gamma distribution (vide infra).

The 22 stationary, spontaneously-active units,
which were analyzed using SASE 1V, were selected on
the basis of their positions on the chart of §, versus
(B, —3) (denoted by A and 4 in Fig. 2), and were chosen
because they seemed to represent a range of distribution
patterns. We have also indicated the position of these
units on the plot of SD vs i, (Fig. 1A) and have shown
their relevant A’s (Fig. 1C) and CV’s (Fig. 1B). From
these figures, it appears that the sample chosen is a
representative one.

Tests for Poisson Process

The V-statistic is an optimum test of the alternative
hypothesis of a Poisson process having a time-varying
parameter, A(x), of the form indicated in (5). For all 22
units and the APP, the hypothesis of a time-dependent
process of this form was rejected (P>0.05). The V-sta-
tistic detects only a linear form of time-dependency
with the assumption that the intervals x; are indepen-
dent and exponentially distributed. The Wald-Wolfo-
witz runs test, however, is not sensitive to the form of
A(x) nor the distributional propertics of the intervals;
and, therefore, is more appropriate as an overall test
for vaguely specified non-stationary alternatives.

The results of the Kolmogorov-Smirnov and
Anderson-Darling tests to the quantities derived from
(6) and (7) are presented in Table 1. The most striking
observations are that, when the Y-quantities are eval-
vated by the one-sided Kolmogorov-Smirnov ( YKS™
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in Table 1) and the Anderson-Darling ( YAD in Table 1)
tests, the Poisson hypothesis was accepted in all in-
stances. However, when the W-quantities were used
there was a strong rejection of the Poisson hypothesis in
all 22 cases, to both the Kolmogorov-Smirnov ( WKS™
in Table 1) and Anderson-Darling ( WAD in Table 1)
goodness-of-fit tests. Although both test statistics cause
a strong rejection of the W-variates, the WAD statistics
show a much more convincing rejection than do the
WKS™ entries (cf. Lewis, 1961). It is conjectured that
the Anderson-Darling test is much more affected by
deviations in the tails of the distribution functions than
is the Kolmogorov-Smirnov test (Cox and Lewis, 1966).
In practice, there is usually a paucity of empirical data
points in the tails of the distributions; and, con-
sequently, the stronger rejection of the Poisson hy-
pothesis by the Anderson-Darling test is not un-
expected. Note also that, as expected, the APP does not
give any strong indication of a departure from the
Poisson hypothesis with both test statistics.

Although the W,-quantities cannot be expected to
increase the power for rejection of a false null hy-
pothesis with all alternatives, it is conjectured that there
is an Increase in power against most alternatives. A
specific case where this advantage over the unmodified
variates is apparent is as a test for the Poisson hypothesis
in trend-free data (Lewis, 1965). As has already been
shown, the 22 units were found to be stationary (trend-
free) when tested by both the Wald-Wolfowitz runs test
and the V-statistic. Thus, the absence of a trend in our
spike train data must be considered a major factor in
causing the striking disparity between the results of the,
two variates. Because of this, we feel that the W-

quantities (which, when tested, indicate rejection of the
Poisson hypothesis) are more appropriate quantities to
test our data.

Tests for Renewal Process

Central to any test for a renewal process is the problem
of the independence of the intervals. It is difficult to
establish a renewal process’s authenticity, primarily
because the alternative hypotheses are hard to specify.
For this reason, it is advisable to use a number of tests in
order to increase the likelihood of finding a correct
interpretation of the results. Both the statistics,
¢,(n—j)"* and R,, are useful in this regard and are
based on the properties of the joint distribution of
intervals. By making the assumption that these statis-
tics can be approximated by a normal distribution, we
found that only 6 of the 22 units (Table 1) had their
standardized normal variate, ¢, (n— 1)*/2, significantly
different from zero (P <0.01). In all, only 9 units gave an
indication of a dependency between intervals in one or
more of the first three serial correlation coefficients.
There is less evidence of a serial dependency between
intervals from the results of the R,’s. However, it is
noteworthy that the 4 units having at least one of their
three R,’s significantly different from zero (P <0.01—
see Table 1) also demonstrated this feature with the
0;(n—j)"*’s. As expected, values for the APP were well
within the 1% significance levels for both statistics;
therefore, interval dependency was rejected.

A major disadvantage in using ¢,(n—j)'/ is that
measurement errors (Shiavi and Negin, 1973) or local or
global trends (Perkel et al,, 1967) may introduce signi-
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Table 2. Best-fit statistics to probability density functions of selected units having properties of a renewal process

Unit RMSE(%) Pyg Williams
and
WL fpt Gamma Exponential Exponential WL fpt Gamma Kloot*
-with-delay
40030T 0.21 0.26 043 043 0.711 0.000 6.83 (251)°
410014 0.25 0.26 0.47 0.46 0.034 0.024 0.61(149)
410022 2.52 2.81 9.69 9.53 0.000 0.000 397( 17¢
41029 T 0.96 1.08 6.34 6.29 0.000 0.000 7.49( 84)¢
410031 0.18 0.20 0.65 0.65 0.017 0.000 4.69 (253)°
410033 0.25 0.27 0.99 0.97 0.226 0.011 3.81(155)
410036 0.94 b 14.51 b 0.567 b 107.60( 11)°
Average RMSE 0.76 +0.32 0.81+042 4.73+2.13 3.06+1.59
+ SEM (%)

2 Comparison is between LSEs (to 6 decimal places) of WL fpt pdf and gamma pdf. Entries are t-values and df (in parentheses), respectively

b Unable to fit pdf in 500 computer iterations

¢ WL fpt pdf is a significantly better fit (P <0.05 with 2-sided t-test) than is the gamma pdf

ficant serial dependency between the ISIs and therefore
mask the state of the true conditions. Tests based on the
spectrum of intervals, ie., the C;-quantities [see (8)],
appear to be insensitive to some of the effects described
above (Perkel et al, 1967). Both the one-sided
Kolmogorov-Smirnov (CKS~ in Table 1) and
Anderson-Darling (CAD in Table 1) tests give strong
evidence that the criterion of independence of intervals
is not significantly different from that expected for a
renewal process (P <0.01) in 63.6% of units investi-
gated. Moreover, the results show that there does not
appear to be a preference in choosing one statistic over
the other. Interestingly, of those units demonstrating an
interval-dependency with this test, 87.5% had pre-
viously shown a significant serial correlation and 50.0 %
asignificant exponential score (cf. entries in Table 1). As
expected, there was no rejection of the hypothesis of a
renewal process in the case of the APP.

Plots of f,(w) give a qualitative picture of the
periodicity in a process and, ipso facto, the degree of
departure from a renewal process. For example, Unit
400057 shows very small deviations from the value fora
renewal process, f‘+ (w)=1/r [requires that ¢;=0in (2)],
throughout its entire spectrum and is well within the
95.0% confidence limits (Fig, 3). The smoothed spectra
for Units 410035 and 400043 in Figure 3, however, show
considerable departures from the line, 1/%, with both
95.0 and 99.0% confidence intervals over much of the
length of the curves. The large values at low w’s are the
result of many positive §;’s to large lags in the case of
Unit 410035. The magnitude of ¢, (cf. Table 1) for Unit
400043 is so much more significant than that of its
neighbors (which tend to cancel when summed) that its
contribution to f. (w) is considerable at two distinct
points on the spectrum, one at w=0 and the other at
w=m.Plots of f, (w) for other units further substantiate

the conclusions we have drawn from the statistical tests
in Table 1.

Using the tests described herein, there appears to be
a high correspondence between a unit’s location on the
coordinate plot of f, vs (f,—3) (Fig. 2) and its
likelihood of having the properties of a renewal process.
More specifically, 7 out of 8 units (87.5 %) which appear
to be representative of a renewal process are found to be
clustered in a region which originates at the point (0,0)
in the plot, and through which the Pearson Type 11 line
passes. [Of the remainder, only 1 of 7 units (14.3%) is
representative of a renewal process.] This suggests the
need for a test for the Poisson process against a renewal
alternative in which the ISIs are independent and
distributed according to a gamma pdf The asymptoti-
cally most powerful test against this renewal alternative
is the Moran statistic, M, values of which are’shown in
Table 1 for each of the 22 units and the APP. In all
instances, the Poisson hypothesis was accepted as
against the renewal alternative (P>0.01). Thus, it
appears unlikely that the underlying distributions are
independent and gamma-distributed. Confirmation of
this fact is provided in Table 2, where the gamma,
exponential, and exponential-with-delay pdfs were fit-
ted to ISI histograms of the seven units discussed above
and found to be “bad” fits when compared to the fit of
the more general WL process [see (15)]. Fits of these
pdfs to Unit 40030T are shown in Figure 4 as an
example.

The Second-Order Properties of the Counting Process

Second-order properties indicate interesting infor-
mation regarding the nature and origin of regular and
irregular vestibular discharge patterns. In Figures 5 and
6, we compare the results of g(ky + y/2), Var[t],and I(£)
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for Units 400307 (an irregular unit) and 410035 (a
regular unit). It is quite obvious, from the empirical
expectation density in Figure 5A, that the Poisson
prediction breaks down at the shorter time intervals for
Unit 40030T. This behaviour, however, is quite con-
sistent with that expected for certain other forms of the
renewal process. For instance, the expectation density
for the WL process with absorbing barrier for this unit
(and whose pdf is shown in Fig. 4A) deviates from the
Poisson prediction in a manner similar to that obtained
empirically at the shorter time intervals.

While the expectation density provides its main
information at the shorter time intervals, the variance-
time curve is interesting because of its form for large
times. Consequently, we considered the asymptotic
form of Var[t] for the renewal process ;i.e., we used the

form Var[t]~{(CV)*ni/s,} + K [where K is an appro-
priate constant, which involves the higher-order mo-
ments of the process—see p. 81 in Cox and Lewis
{1966} 1. When the appropriate parameters are used for
the WL process in this equation, the asymptotic form of
Var[t] is seen to fit the data quite well (Fig. 5B). This
particular unit happens to have a large CV(=0.87); a
value not unlike that obtained from the experimental
data of a Poisson process. Thus, it is not surprising that
both experimental curves—Var[t] for a Poisson
process in which the mean interval of the data was used ;
and the asymptotic form of Var[t] for a renewal process
in which the parameters of the best-fitting WL fpt pdf
were used—fall within the confidence limits of the
Poisson process prediction. This is most fortunate
because we can now predict with the same confidence
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that the WL process with an absorbing barrier is a good
model to this data.

Very little can be said about the spectral density of
the counting process for Unit 40030T, other than that a
large number of its values exceed the lower 1.0%
significance limit for a Poisson process for which the
expected value I(#')=2.0 (see Fig. 5C). However, the
form of I(#') for Unit 40030T is interesting because it
differs so strikingly from the form expected from units
having non-renewal properties and located on the line,
B, =0, in the Pearson system of frequency curves. For
example, I(¢’) for Unit 410035, which is typical of this
latter type of unit (see Fig. 2), has as its main character-
istic a series of sharp peaks; the first of which cor-
responds to the mean frequency of impulse firing, 4, for
the almost periodic spike train, and the remaining ones
which are multiples of that 1. As indicated in Figure 6A,
the 1.0% significance limits for a Poisson process are
quite meaningless for such a unit.

The results of Var[t] for Unit 410035 (sec Fig. 6B)
are also quite interesting because the curve increases
steadily at first and then flattens out to a constant value,
D=4.758, at t~1100 ms. Furthermore, the theoretical
curves of Var[t] in Figure 6B demonstrate, quite
clearly, that the Poisson and renewal processes appear
to be inappropriate models to describe the impulse-
generating mechanism in those neural units typified by
Unit 410035 (regular unit).

Discussion

Pertinent Neuromorphological
and Electrophysiological Observations

Information from electron photomicrographs has pro-
vided a reasonably complete picture of the types of
synaptic contact that occur in the mammalian vesti-
bular neuroepithelium (Engstrém et al., 1972; Iurato
and Taidelli, 1964 ; Smith and Rasmussen, 1968). The
primary afferent innervation of the Type I hair cell is by
means of a nerve calyx which forms a shell around a
single cell. One or more bouton-type endings (pre-

of y in g(ky +7/2). For ky > 100 ms, both experimental and theoretical
curves are confined within the significance limits for a Poisson
process. B Experimental data for variance-time curves have been
determined in two different ways, both of which are shown. Standard
deviations for a Poisson process are based on (14) with 4 =25ms. In
general, the experimental points fall within limits of +1 standard
deviation of Var[¢]=nt/s,=0.030t for a Poisson process. This is not
surprising given the fact that CV =0.87. Using the fitted parameters
to the fpt pdf of a WL process, the asymptotic renewal form,
Var(£]~0.026¢ (K is negligible). This is comparable to the resuits
derived from the data, ie., Var[t]~0.023t (not shown above). C
Estimates of I(#') have been obtained by a 20-point uniform weighting
scheme. A significant number of the estimates are less than the value
2.0 for a Poisson process with a 1.0% significance limit
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Other peaks occur at 24 (shown in figure), 3, etc. B The estimate,
Var[ ], indicates that the experimental data are more ordered than is
expected for a Poisson process. (For this unit, we have not plotted the
standard deviation of Par[f] for a Poisson process since its in-
appropriateness as a model is self-evident.) The plot also shows that
the asymptotic form for a renewal process does not fit the data except
for very small 1. For large 1, Var[t]=D=4.758, i.c., it approaches a
constant value. (D was calculated by averaging the final 11 values of
Var(t], all of which appear to define a trend towards a constant
value in the experimental variance-time curve)

sumably from small efferent fibers) always synapse on
or near the nerve calyx. In the otolithic maculae and
sensura neglecta of Aves, it is more common to find
several cells enclosed within a single calyx (Fig. 7). In
fact, up to 12 Type I hair cells may be enclosed within
the same nerve chalice (Jorgenson and Andersen, 1973).
On the basis of their studies on the isolated fowl embryo
otocyst, Friedmann and Bird (1967) suggest that each
individual calyx in the cristae should contain more than
one hair cell. Using light and transmission electron
microscopy, we have demonstrated that many calyces
in the bird’s cristae do contain multiple Type I hair cells
(unpublished observations). For the Type I1 hair cells,
the most common pattern of innervation is sub-
stantially different from the classical pattern that has
been described for Type I cells. As shown in Figure 7,
one or more afferent and efferent fibers make synaptic
contact by means of bouton-endings with a typical
Type II hair cell. Furthermore, it appears that several
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Fig. 7. Anillustration of the most common forms of the Types I and IT
hair cells, and their efferent (shaded) and afferent innervation in the
bird. Several Type hair cells may be enclosed within a single nerve
chalice. Densely vesiculated (dots within nerve terminals), synaptic
boutons from efferent fibers form connections with the somas of
the Type IT hair cells and the nerve chalices (calyces) of the Type I hair
cells. The nerve chalice, which completely encloses the basal portion
of several Typel hair cells and makes synaptic contact with them,
represents the most distal part of the afferent fiber system. The
afferent connections to each Type IT hair cell consist of one or more
bouton endings, each of which may result from a single or a branching
nerve fiber. Structures which are associated with neurochemically-
transmitting synapses are indicated within the hair cells and chalices.
The horizontal line at the bottom of the figure, through which the
nerve fibers penetrate, portrays the basement membrane—the region
at which each nerve fiber loses its myelin sheath (thickened portion)
before entering the neuroepithelium. It is believed that the initial
myelinated segment of the afferent nerve fiber is the area in which the
action potential originates, i.e., it is the spike-initiating locus (SIL). All
of the hair cells shown have at their apical ends small tufts which are
comprised of a single kinocilium (dark vertical bar) and many
stereocilia ; the latter of which increase in height in the fashion of a
pipe organ in the direction of the kinocilium. It is believed that these
cilia sense and transfer mechanical energy resulting from head motion
to the hair cell where the neural transduction process occurs
(modified from Jergensen and Andersen, 1973)

Type II hair cells may be innervated by the same
efferent fiber (Wersdll, 1956 ; Turato and Taidelli, 1964 ;
Smith and Rasmussen, 1968) by means of boutons en
passant. Thus, it seems likely that some of the unit
activity recorded from Scarpa’s ganglion in this study is
the result of contributions from several of these source
generators. It must be emphasized that this complex
branching only occurs in the unmyelinated portions of
the neuroepithelium. It has been suggested (Flock,
1971) that, for the neuroepithelia of the vestibular and
auditory systems, action potentials originate at the
point at which the primary afferent fibers become
myelinated, ie., in the areca where they leave the
basement membrane. Thus, it seems reasonable that
there should be considerable spatiotemporal sum-
mation of synaptic potentials at the spike-initiating
locus (SIL) of the afferent fiber.

Morphological similarities exist between the hair
cells and their synaptic organization in the auditory,
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vestibular, and lateral-line organs of most vertebrates.
Furthermore, these hair cells are homologous from an
evolutionary point of view (Flock, 1971). This is
fortunate, because information about the diverse pro-
perties of the hair cell-nerve junction complex is often
more readily obtainable from the more easily accessible
lateral-line organs than it is from the vestibulo-cochlear
apparatus in higher-order vertebrates. Recently, poten-
tials have been recorded from the base of the hair cells
in the lateral-line organs of the salamander, Necturus
maculosis (mudpuppy) and the fresh-water cod, Lota
lota (burbot), and the macula sacculi of the goldfish,
Carassius auratus (Furukawa and Ishii, 1967 ; Ishii et al.,
1971; Furukawa et al., 1972; Flock, 1971 ; Flock and
Russell, 1973a,b, 1976) which have been identified as
postsynaptic potentials (PSPs).

Spontaneous miniature potentials having a 0.32
(£0.16)mV mean (4 standard deviation) amplitude
and an approximate, half-width duration of 0.5 ms were
identified by Furukawa et al. (1972) as excitatory
postsynaptic potentials (EPSPs). These EPSPs could be
augmented in both magnitude and duration (leading to
a summation of the EPSPs) with a hyperpolarizing
current and they diminished in size with a depolarizing
current. Ishii et al. (1971) considered these EPSPs to
result from the quantal secretion of a neurochemical
transmitter substance across a synapse and into the
afferent bouton where the potentials were produced.

Flock and Russell (1973b) discovered that, during
efferent nerve fiber stimulation, large hyperpolarizing
potentials could be recorded which they identified
as inhibitory postsynaptic potentials (IPSPs). Con-
comitant with these recordings was an increased
conductance of the postsynaptic membrane of the hair
cell, which they felt indicated the release of an in-
hibitory neurotransmitter substance. EPSPs recorded
from the afferent ternimals were substantially reduced
during efferent nerve stimulation. They suggest that
the effect of the IPSPs is to decrease the amount of
excitatory neurotransmitter at the afferent synapse,
presumably because of a shunting of excitatory current
through the efferent postsynaptic membrane. As in
inhibitory synapses in other neural structures, the
IPSPs tend to drive the membrane potential toward the
resting potential of the hair cell which results in a
decrease in activity in the afferent fibers (Flock and
Russell, 1976).

Relevance of Candidate pdfs to Spike Initiation

In a neurophysiological context, the gamma pdf can be
considered a pure threshold model with the property
that discrete excitatory potentials (pulses) impinge on
the SIL of the hair cell and sum temporally (without
decay) up to a constant threshold level at which point

an action potential is generated. The membrane poten-
tial of the neuron is then reset instantaneously to its
unenergized condition and the process starts over again
as soon as the next excitatory pulse arrives. The
excitatory stimuli appear in a random manner (Poisson
process) with a mean frequency, 4, and the neuron
discharges whenever é pulses occur. Thus, the so-called
waiting times to impulse generation are represented by
a gamma pdf [see (10)]. If the excitatory pulses arrive at
the SIL in a Poissonian manner, and each individual
pulse is capable of causing the membrane potential to
reach threshold and fire the neuron, then the output
spike train is also a Poisson process with waiting times
expressed by an exponential pdf [§ = 1 in (10)]. Poisson
processes are memoryless, i.e., the appearance of each
event is completely independent of the appearance of
any other event. In a neurophysiological context, this
property is not necessarily evident. In particular, the
inherent absolute refractory time that is associated with
the generation of an action potential and which pro-
duces a “dead” time necessitates a modification to the
exponential pdf. The resulting form, the exponential-
with-delay pdf, has been shown to provide a good fit to
the ISIs from the spontaneous activity in peripheral
cochlear units (Kiang et al., 1965 ; Walsh et al., 1972). In
contrast, we have shown that neither the Poisson
process (see Table 1) with its realization, the exponential
pdf, and the exponential-with-delay pdf or the gamma
pdf (cf. Table 2) appear to be appropriate models for
the vestibular apparatus.

A process more appropriate to the vestibular ap-
paratus might be the WL process which can be
considered analogous to a drifting membrane potential
at the SIL which moves, without decay, toward a
threshold level (absorbing barrier), at which point an
action potential is produced, with the subsequent returmn
of the membrane potential to its resting level from
which the process starts over again. The IST distribution
obtained from the resulting spike train is associated
with the times taken for the membrane potential to
change from resting to threshold voltage; i.e., it repre-
sents the distribution of the fpts of the process. The
instantaneous membrane voltage of the SIL is de-
termined by the interaction of two types of input
effects—one contributing EPSPs, which move the
membrane potential toward threshold, and the other
IPSPs, which move it toward the resting level. A strict
application of this process requires that the EPSPs and
IPSPs are small relative to the threshold level ; that they
occur at a high frequency compared to the mean
spontaneous firing rate; and that they occur with
almost equal probability.

In a variety of neurons in which it would appear that
the WL process can be strictly applied, the threshold
level ranges from 10 to 40 mV above the resting level,



while the corresponding PSPs have values from 0.5 to
1 mV (Fienberg, 1974). In hair cells, estimates from the
data of Furukawa et al. (1972) and Detwiler and
Fuortes (1975) place the threshold-to-resting potential
difference at 10-20 mV. Spontaneous EPSPs from
saccular hair cells in the goldfish appear to have much
smaller amplitudes [0.32 mV average—see Furukawa
et al. (1972)] than do those in the lateral-line organs of
the burbot [0.5-5mV range—see Flock and Russell
(1976)]. Although spontaneous IPSPs for hair cells
have not been reported to date, IPSPs down to 2.5 mV
amplitude have been recorded when the efferent fibers
are stimulated. Moreover, spontaneous action potential
activity (presumed to be from the efferent system) with
discharge rates of 15-50 impulses/s has been reported
(Flock and Russell, 1973a). Thus, it scems reasonable
that spontaneous IPSPs should occur in spontaneously
active efferent fibers and at rates comparable to those
of the spontaneous efferent activity. [ Efferent impulses
are reduced or completely abolished with anesthetics;
their rate increases substantially during or shortly
before body movement—see Klinke and Galley
{1974).] Estimates from published data indicate that
postsynaptic excitatory potentials can occur at rates of
50-250 EPSPs/s in hair cells in fish (Furukawa et al,,
1972; Flock and Russell, 1976). Considering that
moderate rates up to 25 impulses/s have been reported
for the spontaneous afferent action potential activity in
fish (Lowenstein, 1956 ; Hashimoto et al., 1970), one can
say, with some confidence, that the EPSPs should occur
at a comparatively high frequency compared to the
activity in the afferent fibers. Thus, there is evidence
that the mechanisms for producing a WL process are
present in hair cell receptors. However, it is unlikely
that this process occurs in all renewal units in the
vestibular neuroepithelium. In fact, the suitability of the
WL fpt pdf as a model for the ISI data in our units is
demonstrated in only two of the seven select units for
which fits were provided (Pyg=0.5 in Table 2). It is
obvious that, in the absence of IPSPs [since many fibers
do not have a spontaneous efferent discharge—see
Hashimoto et al. (1970) ; Klinke and Galley (1974)], the
WL process does not hold and a process which relies
only on the summation of EPSPs would be more
appropriate as a model.

The four candidate pdfs which were used in this
study were chosen, in part, for their simplicity and
flexibility ; and, in part, because they seemingly describe
(to a first approximation) the way in which neural
activity is generated in the vestibular neuroepithelium.
However, these models do not take into account
relative refractory effects, variable thresholds, decays in
individual PSPs, the hyperpolarized after-potential
following an action potential, and the possibility that
each spontaneous IPSP completely suppresses the
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spontaneous afferent activity (e.g., see Fienberg, 1974).
The current state of knowledge on spike production in
the vestibular neurepithelium is incomplete. Therefore,
until there is reliable data to demonstrate the presence
of these or other effects, the simple models chosen will
have to be sufficient.

Proposed Model of Impulse-Generation
in Vestibular Neuroepithelium

From the definition of CV (see p. 200y and (17), it can be
shown that, for our units, CVoc(fi,)'/? approximately,
provided CV<1. Thus, the CV varies as a power
function of the mean interval, i1, of the ISI histograms,
i.e., the larger the ji, the larger will be the correspond-
ing CV. This continuous function suggests that there
may be a single basic process at work in the vestibular
neuroepithelium; and that, furthermore, this process
may be modified according to the location (or required
function) of the hair cells. Lifschitz (1973) provides
electrophysiological evidence in support of this conjec-
ture. He applied depolarizing and hyperpolarizing
direct currents in a stepwise manner (i.c., a staircase-
like current waveform) to the membranous ampulla of
the lateral semicircular duct in the pigeon, as he
simultaneously recorded the extracellular spike activity
in the single primary afferent fibers. At each plateau of
the applied current, the CV was determined as an
indication of the degree of variability of the recorded
neural activity. Both the CV and j, decreased with
increasing amounts of depolarizing currents and, cor-
respondingly increased with increasing hyperpolarizing
currents. Similar results were achieved with caloric
stimulation. Lifschitz suggested that this similarity
exists because caloric stimulation initiates the voltage
mechanisms responsible for impulse initiation, whereas
the galvanic currents act directly on the afferent
terminals in a manner very similar to that of the
mechanoelectric transducer process. Extending this
argument further, it follows that the probable result of
increasing the depolarizing stimulus is the recruitment
of an increasing number of hair cells (or synaptic sites).
Similarily, the reverse effect would occur with increased
hyperpolarization. In the quiescent vestibular neu-
roepithelium, the range of CV’s encountered can only
be attributed to the fact that the many individual SILs
receive their PSP summation from a differing number
of synaptic sites. Since studies show that the afferent
fiber diameter can be correlated with the extent to
which the terminal ramifications innervate the hair cells
(Wersill, 1956), several investigators have implied that
regular discharges (small CV’s) occur as a result of
multisynaptic bombardments and that irregular dis-
charges (large CV’s) result from the involvement of only
a few synapses (Goldberg and Fernandez, 1971 ; Walsh
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et al.,, 1972). This indicates that the range of CV’s is
possibly dependent on the degree of innervation.
Empirical evidence for this argument has been pre-
sented by a group of workers (Valli et al., 1973), who
showed that, in the frog (which has only Type II hair
cells and low levels of spontaneous activity), “spon-
taneously silent” units in the cristae came from un-
branched fibers, whereas those showing spontaneous
activity originated from fibers which ramify into several
branches within the sensory epithelium. Interestingly,
Spoendlin (1972) observed that 95.0% of all afferent
fibers to the inner hair cells of the cochlea in cats are
unbranched. This is consistent with the hypothesis that
an exponential-type distribution of ISIs is produced
when one or a few fibers innervate the hair cell (Walsh et
al., 1972).

In summary, based on the precision of our measure-
ments and the results of the tests presented herein, we
suggest that it is not unreasonable to conclude, that as a
first approximation, spike initiation in the vestibular
neuroepithelium may be modeled as a renewal process
(particularly for irregular discharge patterns). This
conclusion allows us to completely describe the
process by its first-order properties, i.e., the pdf of a
given model. Moreover, we suggest that since a general
model such as the WL fpt pdf seemingly provides a
good fit to selected ISI histograms, its application to
spike initiation in the vestibular neuroepithelium is
appropriate; particularly, since there appears to be a
neuromorphological and neurophysiological basis for
its use in this regard. For these reasons, we conclude
that it is possible that the spontaneous discharge
patterns which appear in ampullary primary afferents
have ISI histograms whose shape is determined by the
spatial and/or temporal summation of the EPSPs
and/or IPSPs that arise in the neuroepithelium of the
crista. Furthermore, the relationship between EPSPs
and IPSPs determines the nature of the pdf and, in the
absence of the IPSPs (e.g., because of the effects of
anesthetics), summation occurs by way of EPSPs only.
Moreover, when there is multisynaptic bombardment
of PSPs on the SIL (having a sufficient excess of
excitation over inhibition), the process gives rise to a
regular discharge pattern that reflects a correspond-
ingly narrow distribution of first passage times. It may
be of relevance that computer simulations show that, as
the number of presynaptic terminals increase and the
EPSP size decreases proportionately (so that the net
excitation remains constant), the postsynaptic ISIs
become more and more regular, regardless of the form
of the presynaptic input process as long as there is
independence between the input channels (Segundo et
al., 1968).
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