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Abstract

We studied the chick auditory system to determine whether there is a normal developmental
reduction in the number of cochlear nerve axons innervating individual cochlear nucleus (nucleus
magnocellularis, NM) neurons. We also examined the preterminal branching patterns of cochlear
nerve axons during development. The number of cochlear nerve axons innervating individual NM
neurons was estimated by counting the increments in the postsynaptic response as the intensity of
cochlear nerve electrical stimulation was varied gradually; this number fell from a mean of 4.0 on
embryonic day 13 (E13) to a mean of 2.2 on E17 and E18 and the 4th day after hatching. This highly
reliable decline in functional convergence was accompanied by a decrease in the number of
preterminal branches of cochlear nerve fibers innervating the NM. On E13 and E14, most axons
stained by iontophoretic injections of horseradish peroxidase showed two distinct preterminal
branches in the NM. By E17 and E18 and thereafter, cochlear nerve axons were unbranched and
terminated with a characteristic single large calycine ending in the NM. There are about twice as
many cochlear nerve axons as neurons in the NM and the number of fibers in the nerve appears to
decline only slightly between E13 and E17. The 50% decline in the number of cochlear nerve axons
making functional synapses on individual NM neurons therefore is associated principally with the

concurrent elimination of cochlear nerve axon branching in the NM.

Developmental reductions in the number of axons
innervating individual target cells have been documented
at several sites in the peripheral nervous system (e.g.,
Brown et al., 1976; Johnson and Purves, 1981; reviewed
by Purves and Lichtman, 1980). In at least some in-
stances, decreased terminal branching by afferent axons
seems to underlie this “synapse elimination” (e.g., Kor-
neliussen and Jansen, 1976; Riley, 1977). A similar reduc-
tion in axonal convergence and branching may be in-
volved in the progressive refinement of neuronal connec-
tions during the development of the central nervous
system (CNS) (e.g., Crepel et al., 1980; Innocenti and
Caminiti, 1980; Ivy et al,, 1979; LeVay et al., 1978; Price
et al., 1976; Rakic, 1976, 1977; So et al., 1978). However,
there has been only one direct and unambiguous dem-
onstration of a normal developmental decrease in func-
tional axonal convergence onto a central neuron; Crepel
et al. (1976, 1981) and Mariani and Changeux (1981) have
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reported decreased climbing fiber input onto developing
rat Purkinje cells, but it is still unclear whether the
elimination of inputs to these cells is associated with a
reduction in the terminal fields of climbing fibers (Du-
pont et al., 1981). Alternative explanations (for example,
a normal reduction in the number of afferent neurons)
must be considered. Thus, it remains to be seen whether
developmental “synapse elimination” is a general phe-
nomenon in the CNS and, if so, whether it is accompanied
by reductions in afferent axon terminal arbors.

The avian brain stem auditory system offers a number
of advantages for directly addressing these develop-
mental questions. The homogeneous group of adendritic
or parvodendritic spherical neurons that constitute the
avian nucleus magnocellularis (NM) receives large caly-
cine end bulbs from the cochlear division of the eighth
cranial nerve (Jhaveri and Morest, 1982a; Parks, 1981b;
Parks and Rubel, 1978); each mature NM neuron receives
only a small number of such endings (Hackett et al., 1982;
Jhaveri and Morest, 1982a). The normal anatomical and
functional organization of these neurons is well under-
stood (Hackett et al., 1982; Jhaveri and Morest 1982a;
Parks, 1981b; Parks and Rubel, 1975; Rubel and Parks,
1975) as are many aspects of their normal development
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(Conlee and Parks, 1982; Jackson et al., 1982; Jhaveri
and Morest, 1982b, c; Parks, 1979; Rubel et al., 1976).
Moreover, these neurons are accessible for study in an in
vitro preparation during relevant stages of development
(Jackson et al., 1982).

In this paper, we report the results of an electrophysi-
ological analysis of cochlear nerve convergence onto NM
neurons during normal development combined with an
anterograde horseradish peroxidase labeling study, in the
same animals, of cochlear nerve afferents in NM.

Materials and Methods

In vitro preparation. Embryos were removed from
their shell and perfused transcardially with 15 ml of cold
(4°C) oxygenated (95% Os, 5% CO.) avian Tyrode’s so-
lution (139 mm NaCl, 17 mm NaHCO;, 3 mm KCl, 1 mm
MgCl, 3 mm CaCl, and 12.2 mmM glucose, pH 7.3). Hatch-
ling subjects were anesthetized with Ketalar (350 mg/kg,
i.m.) prior to perfusion. The head then was submerged in
adissecting dish containing oxygenated Tyrode’s solution
at 2°C. The brain was removed and the cerebellum was
cut off at the peduncles. Finally, the brain stem was
isolated by two oblique cuts between the cerebellar pe-
duncles and the tecta. The brain stem then was placed
on a small square of Telfa gauze backing and transferred
to the recording chamber. The ventral surface of the
tissue was fixed to the bottom of the chamber with a
drop of cyanoacrylate glue.

Electrophysiology. Brain stems were superfused with
oxygenated Tyrode’s solution at room temperature (21
to 28°C) during recording. The Ca®* concentration in the
superfusate was increased to 8 mm to improve the quality
of impalements. The cochlear nerve was stimulated with
a small (0.3-mm-wide) bipolar Ag/AgCl electrode (0.065-
msec pulses, 0 to 25 V, delivered at 0.3 Hz). At the
beginning of each recording session, field potentials rep-
resenting the cochlear nerve volley, postsynaptic currents
in the NM, and postsynaptic currents in the nucleus
laminaris (NL) were recorded with 3 M potassium acetate
electrodes (10 to 15 megohms) (see Hackett et al., 1982).
The latencies of these potentials helped to identify the
source of intracellular potentials.

Data from 119 NM neurons were used in the present
study. Electrodes filled with either 3 M potassium acetate
(70 to 120 megohms) or 0.5 M KCl, 4% horseradish
peroxidase (HRP), and 0.05 M Tris buffer (pH 7.0; 100 to
150 megohms) were used for intracellular recording. Oc-
casional intra- and extracellular iontophoretic injections
of HRP were made to verify further the source of intra-
cellular potentials judged to be recorded from NM neu-
rons on the basis of latency and position; these HRP
deposits (12 intracelluar and 4 extracellular) were invar-
iably located within the NM (see Fig. 1).

The NM excitatory postsynaptic potential (EPSP),
produced by activation of cochlear nerve synapses and
recorded from every penetrated NM cell, is characterized
by a very fast rise time and short duration. A second type
of PSP, apparently also depolarizing but having a longer
latency, slower rise time, and longer duration, is recorded
in about 10% of NM neurons (see Hackett et al., 1982).
The source of this second type of PSP is unknown. These
two types of PSPs are readily and unequivocally distin-
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Figure 1. Camera lucida drawing (reconstructed from four
60-um sections) of an embryonic day 18 (E18) NM neuron
injected with HRP. The axon initially courses ventromedially
and then branches, sending one collateral (arrow) to the con-
tralateral nucleus laminaris (NL). The other collateral passes
back dorsolaterally to end in the dorsal neuropil of the ipsilat-
eral NL. Bar, 50 yum. The inset shows an intracellular record
from the labeled cell taken prior to the HRP injection. Calibra-
tion, 5 mV, 2 msec.

guishable. Only the components of the “fast” EPSP,
mediated by cochlear nerve afferents, were analyzed in
this study. The number of cochlear nerve axons inner-
vating a given NM neuron was estimated by counting the
number of discrete steps seen in the EPSP when stimulus
intensity was changed gradually. Data from a particular
cell were included in the present study only if the same
steps were recorded during repeated sweeps of stimulus
intensity. This criterion could not be met unless the
membrane potential remained stable during these
sweeps. Resting potentials were typically —40 to —60 mV
upon impalement and subsequently stabilized at —25 to
—70 mV. Frequently, cells would stabilize at a given
resting potential, later deteriorate to a somewhat lower
potential, and stabilize for a time at that level. Repeated
measurements under these circumstances clearly showed
that the number of components seen in the EPSP was
not dependent on resting potential. When action poten-
tials obscured the components of the underlying EPSP
for the duration of the impalement, data from that cell
were not included in our analysis.

The possible limitations of this method of determining
the number of afferents converging on individual target
cells have been discussed previously (e.g., Lichtman and
Purves, 1980; Lichtman, 1977, 1980; Purves and Hume,
1981). It should be reiterated, however, that this method
provides a minimum estimate of convergence. Particu-
larly at the younger ages studied, convergence of several
afferents occasionally made it difficult to distinguish
small increments in the EPSP or to differentiate com-
ponents closely related in threshold. In 7 of 21 cells




IMMATURE MATURE

Figure 2. This figure illustrates the developmental reduction in the number of cochlear nerve axons innervating individual NM
neurons and the corresponding reduction in terminal branching of cochlear nerve axons. A, Intracellular record from an NM
neuron at E13. Gradual variation of cochlear nerve stimulus intensity revealed 5 components in this EPSP. Several traces are
superimposed to show the unitary nature and reproducibility of the components upon repeated sweeps of stimulus intensity. B,
Record from an NM neuron at E13 taken from a different preparation from that shown in A. At least 6 EPSP components and
an action potential can be seen in this record. Traces generated during repeated sweeps of stimulus intensity are shown. C,
Camera lucida drawing of an HRP-labeled cochlear nerve axon at E14. Note the terminal branching of the axon within the NM.
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sampled at embryonic day 13 (E13), for example, only a
minimum number of components (usually 5 or 6) was
scored because possible additional components could not
be distinguished unequivocally.

One possible source of bias which must be considered
is the adequacy of cochlear nerve stimulation at different
ages. Our results might be artifactual if fewer afferent
fibers were systematically stimulated in older subjects.
However, the intensity of stimulation required to evoke
maximum cochlear nerve and NM field potentials as well
as maximum postsynaptic potentials in NM neurons was
typically somewhat lower in older subjects than in
younger ones. This is not surprising given the myelina-
tion and increase in diameter of cochlear nerve axons
during this period. There is, therefore, no reason to
suspect that cochlear nerve fibers were stimulated more
effectively in younger subjects.

Finally, it is conceivable that the large number of
components seen in EPSPs from younger neurons re-
flects, at least in part, electrical coupling between NM
cells. Since individual NM cells cannot be seen in this
preparation, it is impossible to perform the appropriate
current-passing experiments on adjacent cells. However,
electron micrographic studies of NM development from
embryonic day 12 (E12) to posthatch day 60 (P60) have
consistently failed to find any evidence of specialized
membrane contacts between cells (Jhaveri and Morest,
1982¢; T. N. Parks, unpublished observations), and the
intracellularly recorded evoked responses to cochlear
nerve stimulation show no signs of electrical coupling
potentials (see also Hackett et al., 1982).

Anatomy. To label cochlear nerve axons and their
endings in the NM, small iontophoretic injections of
HRP were made into the nerve lateral to the NM.
Microelectrodes were filled with a solution of 4% HRP
(Sigma type VI) and 0.5 m KCl in 0.1 M Tris-HC1 buffer
at pH 7.0; resistances ranged from 20 to 40 megohms.
While stimulating the cochlear nerve as described above,
the recording electrode was advanced ventrally at the
lateral edge of the brain stem. When the cochlear nerve
afferent volley (see Hackett et al., 1982) was recorded,
HRP was iontophoresed for 1 to 3 min using 150-msec, 1-
to 2-uA positive current pulses delivered at 1 Hz. Fifteen
minutes to 1 hr was allowed for transport of the enzyme
before fixation.

The labeled brain stems were fixed by immersion for
3 to 4 hr in 3 to 5% glutaraldehyde in 0.1 M phosphate
buffer at 4°C, rinsed briefly in the buffer, and then stored
overnight in the buffer with 30% sucrose added. On the
next day, 60-um coronal sections through the cochlear
nuclei were cut on a freezing microtome. These sections
were reacted for HRP by the cobalt-intensified diami-
nobenzidine method of Adams (1981), dehydrated,
cleared, and coverslipped. Drawings of HRP-labeled
cochelar nerve axons were made using a Zeiss camera
lucida and X 63 or X 100 semiapochromatic objectives
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(numerical apertures, 1.26 and 1.30) at total magnifica-
tions of X 850 to X 1,740.

Results

Electrophysiology. Several quantitative develop-
mental changes in NM postsynaptic potentials were
observed in the course of this study. The latency of the
responses decreased from about 5 msec at E13 to 2 to 2.5
msec at P4. Conversely, the rate of rise of NM EPSPs
increased markedly over this period. Finally, EPSP sum-
mation appeared to be considerably more linear at the
younger ages studied. These developmental trends are
apparent in Figure 2. The focus of this study, however,
was the number of discrete components comprised by
the composite EPSP and, by inference, the number of
axons innervating individual NM neurons at various de-
velopmental stages.

Counts of discrete steps in the composite EPSP evoked
by cochlear nerve stimulation were obtained from 119
NM neurons in a total of 31 preparations. The frequency
distribution of EPSPs with various numbers of compo-
nents is shown in Figure 3 for each age sampled. Pro-
gressing from E13 to P4, the peak of the distribution
shifts downward from 4 to about 2. Cells with 5 or more
components were not seen after E15 and those with only
1 component were not seen before this age. As indicated
on these histograms, the mean values at each age (taking
each cell as an individual observation) fell from 4.0 at
E13 to 2.58 at E15 and 2.2 at P4.

It was of interest to know if this trend is statistically
significant and if the values for individual age groups
might be compared reliably. The most appropriate tests
for these data are the Cochran-Mantel-Haenzel x* pro-
cedure (Landis et al., 1978) and the Fisher exact test. To
apply these analyses to the present data, a single mean
number of EPSP components was calculated from all of
the NM recordings in each preparation. These individual
preparation means were used to determine the age group
grand means shown on the left in Table 1A and the
frequency scores in the contingency table also shown in
Table 1A. The resulting x* value is very highly significant
(p < 0.0001) and indicates that the relationship between
increasing age and decreasing number of components is
a strong and reliable one. This conclusion is bolstered by
the results of an overall Fisher exact test. In this case,
individual preparation means were categorized according
to whether they fell above or below the median value
(3.0) for the entire population of such means; the rela-
tionship between age and number of components again
was found to be highly significant (p = 0.00001; two-
tailed test). The Fisher exact test also can be used to
evaluate differences between individual age groups (see
Table 1B). E13 embryos were found to differ significantly
from E15, E17 and E18, and P4 preparations, whereas
E14 embryos differ from E17 and E18 and P4 groups. No
other individual age groups differ significantly, but this

The inset photomicrograph shows an E13 NM neuron stained by the Golgi-Cox method; note the numerous long somatic
processes. Bar, 20 um for line drawing; 40 um for photomicrograph. D, Record from an NM neuron at P4, showing only 2 EPSP
components. E, Record from an NM neuron at E18, again indicating innervation by only two cochlear nerve axons. F, Drawing
of a labeled cochlear nerve fiber at P4. No terminal branches were seen at this age; individual axons terminated in the
characteristic calycine ending apposed to a single NM neuron. The inset photomicrograph shows an E17 NM neuron stained by
the Golgi-Rio Hortega method; note the complete absence of somatic processes. Bar, 20 ym for line drawing; 24 um for
photomicrograph. Calibration for electrophysiological records, 2 mV, 2 msec in A; 5 mV, 2 msec in B, D, and E.
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fact must be interpreted in light of the relatively small
number of observations available in the two-age-group
comparisons. The statistical analyses confirm the relia-
bility of the developmental decline in EPSP component
number and indicate that this process is substantially
complete by E15.

Horseradish peroxidase labeling. The HRP injection
sites were invariably located in the medial branch of the
cochlear nerve lateral to the NM. About 5 to 30 nerve
fibers were labeled at the injection sites although, partic-
ularly in the larger injections, not all individual fibers
could be traced to their termination in the NM. In most
cases, heavily labeled axons could be traced for 200 to
500 um from injection sites in the nerve to their endings
on cells in the rostral two-thirds of the NM,

An example of the morphology of HRP-labeled coch-
lear nerve axons in E13 and E14 embryos is shown in
Figure 2C. These axons typically had two distinct preter-
minal branches ending in lamellate swellings of variable
size. At E14, these branches rarely extended over more
than a few cell body diameters and seemed to show a
slight preference for ramification along the dorsoventral
axis of the NM. Although there was considerable vari-
ability in the morphology of HRP-filled axons at E13 and
El4, virtually every fiber examined had two or more
distinct terminal swellings adjacent to 2 or more NM
cells. Whereas many axons had two distinct preterminal
branches, there were some fibers with several swellings
but no unequivocally distinct branches and rare axons
with three short branches.

In E17 and E18 and P4 animals, no branches were
seen in any of the labeled cochlear nerve axons; each of
these axons coursed through the NM to end in a large
calycine terminal on a single NM cell (see Fig. 2F). No
morphological specializatiuns consistent with en passant
junctions were seen in any of these labeled axons. The
morphological transformation seen in HRP-labeled coch-
lear nerve fibers between E14 and E17 closely parallels
that found by Jhaveri and Morest (1982b} in Golgi ma-
terial.

Discussion

Structural basis of synapse elimination. Between E13
and E17, we found a 50% decrease in the number of
cochlear nerve axons innervating individual NM neurons.
In parallel with this decline in functional convergence,
we also observed a reduction in the branching of cochlear
nerve axons; at E14, these axons typically had two dis-
tinct preterminal branches within the NM, whereas at
E17 and E18 and P4, every fiber ended in a single calycine
terminal.

These results provide the first clear evidence from the
CNS that a normal decline in afferent convergence onto
individual target neurons occurs simultaneously with a
developmental reduction in afferent-axon branching.
Previous reports have shown that the number of climbing
fibers innervating individual rat Purkinje cells declines
during a circumscribed period in postnatal development
(Crepel et al., 1976, 1981; Mariani and Changeux, 1981).
However, recent attempts to relate this decline in func-
tional convergence to concurrent changes in the size of
climbing fiber terminal arbors have been unsuccessful
(Dupont et al., 1981) and the possible role of cell death

Jackson and Parks

Vol. 2, No. 12, Dec. 1982

1 2 3 4 5 6

50+
E 13
% X=4.0
304 N=21
.
101
—
1 E14
. X=3.0
N=23
1
] E15
1 X=26
i N=24
] E17-18
8 X=2.2
N=32
—
701
1 P4
50 X=2.2
9% N=19
30
101

1 2 3 4 5 6
Figure 3. Frequency histograms showing the proportions of
NM neurons receiving various numbers of cochlear nerve inputs
at each age. The mean number of inputs found at each age also
is shown as is the total number of NM cells from which we
recorded.

in the inferior olivary nucleus remains unexplored (cf.,

Armstrong and Clarke, 1979; Caddy and Biscoe, 1979).
The possible role of normal cell death in explaining our

results also must be considered. If the number of cochlear
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TABLE I
Statistical analyses of the EPSP component number in the nucleus magnocellularis (NM) at embryonic (E) and posthatching (P) ages
The data are derived from 31 individual preparation means calculated from all of the NM recordings in each preparation. In Part A, on the
left, the mean number of components at each age is shown. This is the grand mean of all individual preparation means for the given age. At the
right part of A, a contingency table gives for each age the number of preparation means which showed the number of EPSP components indicated
by the column headings. A very highly reliable association between age and number of components was demonstrated with the Cochran-Mantel-
Haenzel x* procedure: @ = 16.6; df = 1; p < 0.00005. In Part B, results of pairwise comparisons of the number of EPSP components in each age
group using the one-tailed Fisher exact test are given. The preparation means were categorized according to whether they fell below or above the
median number of components (3.0) for all such means. Significant differences indicate that the number of EPSP components in the older group

is reliably smaller than that in the younger group.

A B
Preparation Number of Components
15[ o Age E13 El4 El5  E17-18 P4
& 1.5-2.49 2.56-3.49 3.5-4.49 4.5-5.59
3.84 E13 0 2 5 1 P4 p < 0.005 p <001 ns® ns
3.25 El4 0 6 0 1 E17-18 p < 0.005 p < 0.005 ns
2.80 E15 1 3 1 0 E15 p <005 * ns
2.16 E17-18 5 1 0 0 E14 ns
2.12 P4 4 1 0 0 E13

“ns, not significant.

nerve fibers declined by 50% between E13 and E17, the
electrophysiological results could be explained without
involving any of the observed changes in axonal branch-
ing. This possibility is very unlikely. Ard and Morest
(1981) counted the number of cochlear ganglion cells in
chick embryos on E8 and P14 and found a statistically
significant decline of only 18% over this period. Much of
this loss may occur before E13 and E14. Given a small
normal decline in the number of NM neurons during this
period (Rubel et al., 1976), the relative number of coch-
lear nerve axons per NM cell (about 2:1) probably
changes little during development. It thus seems most
unlikely that a normal loss of cochlear nerve axons can
be responsible for more than a small fraction of the
decline in afferent convergence on individual NM targets.

The present electrophysiological results appear to be
supported adequately by the observations that (1) the
number of cochlear ganglion cells innervating the NM
appears to remain relatively constant at about 8,000 to
9,000 (Ard and Morest, 1981; T. N. Parks and H. Jackson,
unpublished observations), (2) the number of NM neu-
rons at E13 to P4 is about 4,200 (Rubel et al., 1976; Parks,
1979), and (3) cochlear nerve fibers have an average of
two branches in the NM at E13 and E14 but only a single
ending from E17 onward. Thus, at E13, with an average
of two branches on each cochlear nerve fiber in the NM,
there are probably about 17,000 functional endings avail-
able to form synapses on 4,200 NM neurons; this ratio of
about four different axon branches innervating each NM
neuron is quite close to the average of 4.0 discrete EPSP
components per cell at this stage found in the present
study. After E17, when each cochlear nerve fiber has a
single ending, there would be about a 2:1 ratio of axons
to target cells, and this is, in fact, quite close to our
observed E17 and E18 and P4 values.

Relationship to target cell geometry. There is a close
temporal correspondence between the reduction of the
number of axons innervating individual NM cells and the
dramatic changes in the geometry of those cells. Begin-
ning at about E10, NM neurons sprout a profusion of
somatic processes (Jhaveri and Morest, 1982b). It is likely
that this corresponds to an early stage of synapse for-
mation between cochlear nerve axons and NM cells in

that synaptically evoked extracellular responses to coch-
lear nerve stimulation can first be recorded from a small
number of NM neurons at E11 (Jackson et al., 1982).
Electron microscopy at E13 (the earliest age studied by
Jhaveri and Morest, 1982¢) reveals that immature syn-
apses are formed by cochlear nerve fibers on NM somatic
processes; synaptic contacts on the soma of NM cells are
rare at this stage. The somatic processes are maintained
through E13 and into E14, but by E15, they become
shorter and less profuse. By E17, the processes have all
but disappeared, leaving most NM cells adendritic (see
Fig. 2; Conlee and Parks, 1982; Jhaveri and Morest,
1982a). As somatic processes are lost, cochlear nerve
terminals are transformed gradually into the large caly-
cine end bulbs apposed to the target cell soma. The loss
of somatic processes and the shift in the position of
synapses may be responsible for the apparent develop-
mental increase in the nonlinearity of EPSP summation
(e.g., Fig. 2; cf,, Rall, 1967).

Cochlear nerve synapses are formed initially on NM
somatic processes; the loss of some of these contacts and
the reduction in the number of axons innervating indi-
vidual NM cells parallel the loss of somatic processes
between E14 and E17. The progressive reduction in the
number of inputs and coincident simplification of target
cell geometry resembles the findings of Purves and Hume
(1981), who reported a direct relationship between the
number of axons innervating individual adult rabbit cili-
ary ganglion cells and the complexity of the cell’s den-
dritic arbor. Experimental results suggest that the issu-
ance and loss of the NM somatic processes occur inde-
pendently of cochlear nerve afferents. Surgical ablation
of the otocyst after 50 to 60 hr of incubation prevents the
formation of the inner ear and cochlear nerve. In the
absence of these structures, NM cells sprout somatic
processes by E11 and these processes are lost by E17
(Parks, 1981a). This finding implies that the normal loss
of processes does not result from a developmental reduc-
tion in afferent convergence; rather, it seems likely that
it is the loss of somatic processes which leads to an
elimination of some inputs to the target. On the basis of
cell-by-cell correlations between the complexity of target
cell dendritic arbors and the number of afferent inputs,
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Hume and Purves (1981) similarly concluded that target
cell geometry determines the number of functionally
similar inputs that can maintain synapses on that cell.

The present results, taken together with those of Parks
(1981a) and Hume and Purves (1981), suggest that the
transient somatic processes issued by NM neurons serve
the function of allowing synapses from several cochlear
nerve axons to form on individual target cells. This would
help to insure adequate innervation of NM cells and
provide a basis for the subsequent selection of the most
“appropriate” inputs. This selection process would be
fostered by the gradual elimination of processes, which
would force the various inputs to compete for some as
yet unidentified factor related to postsynaptic space or
“domains” (see Purves and Hume, 1981).
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