PCs that are important for the horizontal
VOR. (i) They exhibit modulation of com-
plex-spike firing in relation to retinal image
motion away from the side of the recording
(16). (ii) Motor learning causes their simple-
spike firing to express changes in firing that
are in the correct direction to support the
altered VOR (17). The simple spike firing of
these PCs is modulated preferentially for
horizontal rather than vertical pursuit eye
movements.

For 34 PCs studied after decreases in the
gain of the VOR (18), the response latency
during the VOR averaged 21.3 ms. The
criterion latency for PCs (vertical dashed
line in Fig. 3B) was estimated as 10 ms,
which is 2 ms shorter than that for FTNs.
This takes account of the latency at which
stimulation of the flocculus inhibits FTNs
(1 to 2 ms) and of the latency for evoking an
eye movement by single shock stimulation
of the flocculus (9 to 10 ms) (Fig. 1A).
Most PCs responded too late either to con-
tribute to the modified pathways or to cause
the modified responses in FTNs (Fig. 3B).
However, a few PCs did respond early
enough to cause the change in FTN firing.
Further experiments will be needed to test
the possibility that these few PCs cause
motor learning and that the FTNs and the
rest of the PCs follow.

FTNs satisfy two criteria established by
our earlier work for neurons in the modified
pathways. One criterion is based on the fact
that unmodified VOR pathways make a
fixed contribution to the VOR. Changes in
firing in the modified pathways will there-
fore have to exceed the change in the VOR.
FTNs satisfy this criterion: after decreases in
the gain of the VOR, eye motion is still
opposite in direction to head motion, but
FTNs show a reversed response. FTNs also
satisfy a second, latency criterion (3): they
respond to vestibular stimuli at a latency
that is appropriate to be part of the modified
pathways. We conclude that FTNs are in the
modified VOR pathways. Because FTNs
generally respond before PCs, future experi-
ments should evaluate brain stem vestibular
inputs to FTNs as a possible site of motor
learning.
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Spatially Resolved Calcium Dynamics of Mammalian
Purkinje Cells in Cerebellar Slice

Davip W. TANK, MUTSUYUKI SUGIMORI, JOHN A. CONNOR,

RoporLro R. LLINAS

Microfluorometric imaging was used to study the correlation of intracellular calcium
concentration with voltage-dependent electrical activity in guinea pig cerebellar
Purkinje cells. The spatiotemporal dynamics of intracellular calcium concentration are
demonstrated during spontaneous and evoked activity. The results are in agreement
with hypotheses of dendritic segregation of calcium conductances suggested by
electrophysiological experiments. These in vitro slice fluorescence imaging methods
are applicable to a wide range of problems in central nervous system biochemical and

electrophysiological functions.

HE SPATIAL DISTRIBUTION OF ION-
ic channels over the plasmalemma
and the associated compartmental-
ization of the integrative and the cell biolog-
ical properties is a critical issue in the charac-
terization of central neuronal function. The
locus specificity of the synaptic input may
influence both the electrical integrative
properties of the cell and the degree of
precision with which different compart-
ments may be regulated biochemically. For
example, the spatial distribution of second
messenger systems activated by Ca?* will be
determined by ionic channel distribution.
The nature of the distribution of voltage-
dependent ionic channels over the somatic

D. W. Tank and J. A. Connor, Molecular Biophysics
Rescarch Department, AT&T Bell Laboratories, Murray
Hill, NJ 07974.

M. Sugimori and R. R. Llings, Department of Physiolo-
gy and BiI:)IPhYSiCS’ New York University School of
Medicine, New York, NY 10016.

and dendritic membranes of necurons has
been investigated often in recent years (7).
Segregation of the voltage-dependent Na*
and Ca* ionic conductances was hypothe-
sized when intradendritic recordings from
Purkinje cells in avian cerebellum (2) and
mammalian cerebellar slices in vitro (3)
demonstrated the presence of voltage-de-
pendent Ca®* conductances capable of gen-
erating dendritic spikes. The results from
such studies suggested that in this cell Ca®*
conductance is most prominent, if not exclu-
sively present, in the dendritic tree, and the
voltage-dependent Na™ conductance is re-
stricted to the soma and axon (3). Further-
more, electrophysiological examination of
the slow Ca”*-dependent potentials and re-
generative spikes (3) suggested that the ion-
ic conductances underlying these two dis-
tinct components might also be spatially
separated within the dendritic tree. The
experiments presented here were designed
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Fig. 1. (A) High-resolution fluorescence image of a Purkinje cell filled with fura-2 by microinjection
(380-nm excitation). The relation between fluorescence intensity and position on the gray scale of the
figure was reduced by approximately tenfold in the somatic region (inset) to clearly show the cellular
boundaries. The scale bar represents 50 pm. The cellular boundaries from 380-nm excited fluorescence
images were used to define a mask (B) (in yellow), that defined the fluorescent areas of the images
where ratios and the associated [Ca?*]; were subsequently computed. (C) Map of [Ca®*}; during the
period of electrical quiescence. (D) Map of [Ca®*]; during the peak of the [Ca?*]; accumulation. (E)

Spontaneous electrical oscillations recorded from this cell during the indicator loading period.

to map the location of voltage-dependent
Ca?* channels as inferred from the specific
regions of the neuron where intracellular
calcium concentrations, [Ca?*];, underwent
the greatest changes as a result of electrical
activity and to establish the speed with
which [Ca?*]; can be buffered within the
cytoplasm.

Spatial distributions of [Ca®*]; in Purkin-
je cells in cerebellar slices from adult guinea
pigs were determined from the ratio of
digital microfluorometric images of intracel-
lular fura-2 excited at 340 and 380 nm (4)
and correlated with cell electrical activity.
Individual cells were filled with the fluores-
cent Ca”* indicator fura-2 (5) by iontophor-
esis after intrasomatic or intradendritic mi-
croelectrode penetrations. Injected cells had
a fluorescence image (Fig. 1A) similar to
that observed for Lucifer yellow—injected
cells. The fura-2 filled the entire dendritic
arbor and appeared uniformly distributed
within the cytoplasm. Compartmentaliza-
tion or dye aggregation was never observed.
Cell electrical activity was elicited by intra-
cellular microelectrode current injection or,
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for most results, electrical activity occurred
spontaneously in the form of oscillation
(Fig. 1E). As previously described (3), this
oscillatory behavior is characterized by peri-
ods of complex spike activity lasting for 10
to 15 s that alternated with periods of
silence of approximately equal duration.
These spontaneous oscillations are generat-
ed by intrinsic voltage-dependent Ca’* con-
ductance changes, as demonstrated by the
ineffectiveness of the Na* conductance
blocker tetrodotoxin to modify the cell’s
behavior and by the blockage of oscillations
after the administration of Ca?* conduc-
tance blockers (3).

Intradendritic [Ca®*]; increased 10- to
100-fold between the inactive and active
phases of oscillation, whereas somatic levels
remained largely unchanged. This is illus-
trated in the high resolution (300 by 500
pixels) maps in Fig. 1. Figure 1B shows a
computer-generated mask that covers the
brightly fluorescent areas of the image in
Fig. 1A. In the highly fluorescent areas of
the image covered by the mask, ratios of
fluorescence excited by 340- and 380-nm

incident light and the associated [Ca®*];
were computed from image pairs taken dur-
ing the silent and active phases of oscillation.
Figure 1C shows the [Ca’*]; distribution
during the silent period of the oscillation
cycle. Calcium levels are low (<60 nM)
throughout the cell, with the distal dendritic
branches slightly lower than the soma. Fig-
ure 1D shows the [Ca?*]; distribution dur-
ing the active period of oscillation, where
the dendrites, especially the finer branches,
display high [Ca®*]; with respect to the
soma and the axon. Recordings in which
both electrical activity and [Ca’*]; were
followed simultaneously (4) showed the
unique correspondence between the sponta-
neous discharge and elevated [Ca?*]; in the
dendritic regions.

The spatiotemporal dynamics of [Ca
during an oscillatory cycle were measured by
sequential fluorescence-image acquisition.
The spatial detail of Fig. 1 was made possi-
ble by the sacrifice of time resolution; each
exposure in the image pairs lasted 5 s. This
caused the measured peak of the [Ca?*];
transient to be blunted because of time
averaging and prevented a study of the
kinetic changes of [Ca?*]; during the cycle.
With reduced spatial resolution (125 by 175
pixels), frame pairs were taken every 2 s.
Dendrite fine structure was lost but pictures
were acquired and stored fast enough to
show the [Ca®*]; dynamics during a sponta-
neous cycle (Fig. 2). The beginning (Fig.
2A) of the continuous sequence (Fig. 2, A
to H) shows [CaZ*]; at its lowest and most
uniform. The next three panels, taken con-
secutively, follow the [Ca?*]; to, and past,
its maxima. It is clear that small dendrites are
the first to undergo a [Ca?*]; increase and
that the changes are the largest at those sites.
By contrast, the [Ca’*]; in the soma
changed very litde (<50 nM) and with
appreciable delay, whereas the axon re-
mained very low throughout the cycle. At
the peak of the measured response there was
a >300 nM [Ca’*}; gradient between the
dendritic tree and the soma. In some experi-
ments, [Ca’*]; in the small dendrites
reached levels that saturated the fura-2 re-
sponse, that is, to levels >3 to 4 pM. At the
time the [Ca?*]; map of Fig. 2F was made,
[Ca?*]; in the small dendrites had been near-
ly restored to ground state but concentra-
tions in the primary and secondary dendrites
were considerably higher (this effect is even
more apparent in the map of Fig. 2M). This
probably reflects a different time course for
the activation of the Ca>* channels in this
region. Because of the short diffusion dis-
tances involved, this region should have lost
the excess [Ca®*]; to the surrounding tertia-
ry dendrites by the time the measurement
was made. Figure 2G shows the completion

2+]i
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of the oscillation cycle. When the [Ca®"]; of
representative sections of distal dendrite,
primary dendrite, soma, and axon are plot-
ted for each time point (Fig. 2Q), the
increases in dendritic [Ca®"]; and the phase
lead of distal dendritic [Ca®"]; changes over
primary dendrites and soma are clearly ob-
served. In addition to the large [Ca®"];
gradients that developed during the active
phase, the small dendrites recovered rapidly.
Generally, the [Ca?*]; went from near maxi-
mum (>1 wM) to resting level (<75 nM)
within 2 s, which suggests the presence of
efficient Ca?* buffering systems in these
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dendrites, and indicates a close relation be-
tween the site and duration of voltage-
dependent Ca?" conductance increases and
the fluorescent signal. Under our experi-
mental conditions, Purkinje cells continued
to oscillate for 2 to 3 hours after impale-
ment. During this time the sequence of the
events accompanying each oscillatory phase
and the distribution of [Ca®*]; from one
oscillatory event to the next was almost
identical. Similar spatiotemporal patterns of
Ca’" concentration during complete oscilla-
tions (for example, see Fig. 2, I to P) were
obtained in six different neurons.

Consistent with previous electrophysio-
logical experiments (6), application of a
fraction of funnel web spider venom (FTX)
blocked both spontaneous electrical oscilla-
tions and the oscillations in [Ca**]; concen-
tration. This toxin is a specific blocker of
voltage-dependent Ca*>* channels in central
neurons (6). After toxin administration (4),
a total blockage of oscillation was observed
after 5 min. The blockage continued for a
period of 20 to 30 min during continuous
perfusion of toxin-free saline. During this
period, constant low levels of [Ca*]; were
maintained in both soma and dendritic re-
gions for up to 30 min after the toxin was
applied.

During spontaneous oscillations in non-
toxin-treated cells we always observed high-
er concentrations of Ca’' in the initial
(thick) section of the primary dendrite than
in the soma or axon. These results are most

Fig. 2. (A to H) Calcium distributions during one
cycle of spontaneous oscillation. Images were
sequentially acquired at higher rates (one pair
every 2.0 s) but at lower spatial resolution (125
by 175 pixels) for the same Purkinje cell shown in
Fig. 1. Calcium levels in the distal tertiary den-
drites peak at an earlier phase of the oscillation
(C) than the primary and secondary main den-
drite (D). In (H) the [Ca®"]; distribution has
returned to that typical of the quiescent periods
[compare to the period of spontaneous oscillation
(Fig. 1E)]. The dynamics were similar in all cells
measured. (I to P) The spatiotemporal pattern of
[Ca®*]; distribution in a different Purkinje cell
under identical conditions are shown. In (M), the
lag phase of Ca>" response in the primary den-
drite is apparent. (Q) Calcium levels at four
cellular locations during the sequence of [Ca®*];
dynamics shown in (A to H). The large rapid
Ca** flux into the fine dendrites (O) is followed
by a delayed but substantial rise in the primary
dendrite (A) and a modest rise in the soma ().
The level of [Ca®*]; in the axon (V) remains very
low. The scale bars represent 50 wm.
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easily explained by a strong gradient of Ca®*
conductance along the proximal dendrite-
soma axis, but we cannot rule out the possi-
bility of nonuniform buffering capacity as a
contributing factor to the [Ca?*]; gradients
in all cases. Where depolarizing current was
applied through a microelectrode in the
soma, we were able to demonstrate nonuni-
form increases in [Ca”*]; along the proximal
dendrite. Figure 3 shows one such example
in which [Ca’*]; was measured at a hyper-
polarized membrane potential (Fig. 3A) and
during the 1.2-s period after a step of depo-
larizing current. In such instances, differ-
ences in buffer capacity caused by surface to
volume differences are minimal and the non-
uniform [Ca®*]; changes would have to
reflect localized influx or internal partition-
ing of buffering elements in the dendrite.
Our results represent a direct demonstra-
tion of the dendritic localization of voltage-
dependent Ca?* channels in Purkinje cells
and are in substantial agreement with mea-
surements of Ross and Werman (7), which
showed dendritic Ca?* influx with arsenazo
III absorption. Our findings extend the
spatial resolution of these measurements and
show the involvement of the fine dendrite
structure. The large signal-to-noise ratios we
have observed and the absence of any detect-
able phototoxicity indicate that with suitable
modifications of imaging equipment, high-

resolution images of intracellular ion con-
centrations will also be possible at much
higher temporal resolution.

In addition to illustrating the use of the
fura-2 imaging technique in the analysis of
in situ adult central neurons, our results
demonstrate the presence of distinct dynam-

ic patterns in the [Ca?*]; distribution dur- .

ing central nervous system neuronal firing.
Our results also suggest that the early-phase
Ca®* conductances are spatially located in
the tertiary branches of the dendritic tree,
with further invasion of the main dendrites
occurring as a secondary event. We suggest
that the activity of these two different den-
dritic segments corresponds to the two dif-
ferent types of electroresponsiveness orig-
inally reported for Purkinje cells (3). Indeed,
physiologically the initial phase of dendritic
activation is characterized by a slow Ca®*-
dependent depolarization, which reaches a
plateau and is followed by powerful all-or-
none Ca**-dependent dendritic spikes. The
results presented here are in agreement with
the hypothesis that the slow first component
of the response is produced by voltage-
dependent Ca?* conductance in the tertiary
branches, whereas the large spike compo-
nent arises in the primary and secondary
dendritic tree. The possibility that, in addi-
tion to spatial segregation, these two dis-
tinct Ca?* conductances are subserved by
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Fig. 3. [Ca®*]; distribution in a primary dendrite during a quiescent period observed during
hyperpolarizing current injection at the soma (A) and during the initial 1.2 s of depolarizing current to
the soma (B) that evoked a brief train of spikes (0.2 s) followed by subthreshold depolarization. The
“hot spot” in the lower left of (B) represents a 70 to 80 nM differential of [Ca®*]; when compared to the
surrounding yellow shaded areas. This response was tested with two to three different stimulus periods
to verify the constant location of the nonuniformities. The difference in the ratio values for these two
regions was 35%. Noise variations were less than 5%. It was not possible to deliver enough current
through the microelectrodes to drive the cells into sustained oscillations or spiking and thus the relative
lack of response in the upper and right-hand sections of dendrite possibly reflects electrical propagation
failure. Image dimension: 50 by 75 pm.
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two distinct voltage-dependent Ca®* chan-
nels requires further study. Indeed, some of
the differences observed may arise from the
absence of fast K* conductances in the fine
dendritic branches, in addition to spatial
differences in channel density.

The physiological implications of the
findings presented here are significant to the
understanding of Purkinje cell integration.
We propose that because of the tertiary
branch Ca®* electroresponsiveness, synaptic
input from the parallel fibers to the spines in
the tertiary branchlets would be enhanced in
such a way that neuronal integration in the
primary branches was not altered. When the
activity in the tertiary branches becomes
great enough, full Ca>*-dependent dendritic
spikes would be generated by the main
dendritic tree. Conversely, after activation of
a climbing fiber, which is known to produce
full dendritic spikes at its initial phase, a full
dendritic spike would be generated at the
main dendritic tree, where the climbing
fiber is actually in contact with the Purkinje
cell (8). After this initial dendritic spike, the
secondary plateau potential, which charac-
terizes climbing fiber activation, would be
generated. Thus the distribution of Ca®*
conductance over the dendritic tree is ulti-
mately tuned for a degree of electrophysio-
logical sophistication suggested by its quasi-
baroque morphology.
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Growth and Transparency in the Lens, an
Epithelial Tissue, Stimulated by Pulses of PDGF

BARBARA BREWITT* AND JOHN I. CLARK

The rat lens undergoes dramatic growth during early postnatal development. Lens
weight increased by a factor of 23 in 26 days. Growth rate per day oscillated between 0
and 87 percent. A new culture system was designed to study the oscillations in growth
during development. Lens growth and transparency in vitro required pulsatile delivery
of platelet-derived growth factor (PDGF) in HL-1 serum-free medium. Continuous
delivery of HL-1 medium with PDGF or pulsatile delivery of HL-1 medium without
PDGEF resulted in lens opacity and no growth. These results provide direct evidence
that PDGF stimulates an epithelial tissue and that oscillations in growth occur during

normal development of the rat lens.

HE RAT LENS IS AN IDEAL MODEL

for studies of normal growth and

development of an epithelial tissue
(1). In the embryo, an invagination of sur-
face ectoderm results in the formation of a
lens vesicle (2). The lens becomes a solid
cellular tissue, without vessels and nerves,
when the posterior epithelial cells elongate
to fill the vesicle. The anterior epithelial cells
migrate laterally, elongate, and differentiate
into mature lens fibers, which constitute the
body of the lens. An unusual feature of the
lens is that the apical surfaces of the epitheli-
al cells face inward and attach to lens fibers
(2). The outside of the lens is covered by a
thick basement membrane, the lens capsule,
that influences the elastic, nutritional, and
transport properties of the lens. All nutrients
for normal growth and development come
from the surrounding aqueous and vitreous
fluids and pass through the lens capsule.

A high concentration of protein is re-
quired if the mammalian lens is to function
as a transparent, refractile optical element
(3). The lack of blood vessels and nerves in
the lens is consistent with the general classi-
fication of an epithelial tissue and is neces-

Department of Biological Structure, University of Wash-
ington, School of Medicine, Seattle, WA 98195.

*To whom correspondence should be addressed.

4 NOVEMBER 1988

sary for transparency. Numerous gap junc-
tions allow intercellular transport of the ions
and small molecules required for lens
growth (2).

External factors that may regulate lens
growth include insulin-like growth factor,
fibroblast growth factor, and epidermal
growth factor, which are thought to be
present in the surrounding aqueous and

vitreous humors (4-6). These factors have
been tested in lens epithelial cell culture and
may act alone (4, 6) or synergistically (5).
Growth factors may be responsible for ma-
jor changes in transparency, hydration, wet
and dry weights, protein content, gene
expression, and cell shape that occur during
the first 30 days of postnatal rat lens devel-
opment (2, 7, 8). Despite many attempts at
lens organ culture under conditions that
would permit the identification and isola-
tion of regulatory factors, an ideal culture
medium for normal lens development has
not yet been identified (5, 9). Cultured
lenses typically lose transparency and have
lower rates of mitosis and protein synthesis
than are found in vivo (9). No culture
systems are known to be suitable for studies
of the development of lens transparency.
Our goal was to develop an in vitro system
for studies of external factors that regulate
lens growth during the development of
transparency.

A systematic evaluation of changes in wet
and dry weights during normal develop-

100 " = x25 Fig. 1. In vivo lens develop-
- 1 x Dry weight A ment. Rates of increase in
2 80 B g xR i A dry weight oscillated be-
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5 20 1 \.\‘ /\ mate rats were killed, at each
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p.m. After enucleation,
lenses were removed by pos-

terior cuts through the retina. Wet and dry weights were measured on an electrical analytical balance
(Mettler AE163). Lenses were dried at 80°C to constant weight. The time period selected for organ
culture is shown by the vertical dashed lines. The percent change in dry weight was calculated by the
formula (DW, ,; — DW,)/DW, X 100 where DW, ., is lens dry weight on day x + 1 and DW, is lens
dry weight on the previous day. The standard error is contained within the symbols in both plots.
Instead of growing continuously (21), the lens showed large oscillations during neonatal development.
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