
9. D. W. Tallamy, Ecology 66, 1574 (1985).
10. E. Haukioja and P. Niemala, Ann. Zool. Fenn. 14,

48 (1977); Oecologia (Berlin) 39, 151 (1979).
11. M. J. Raupp and R. F. Denno, Ecol. Entomol. 9, 443

(1984); K. S. Williams and J. H. Myers, Oecokgia
(Berlin) 63, 166 (1984).

12. W. E. WaUlner and G. S. Walton,Ann. Entomol. Soc.
Am. 72, 62 (1979); S. Harrison and R. Karban,
Ocologia (Berlin) 69, 354 (1986).

13. S. V. Fowler and J. H. Lawton, Am. Nat. 126, 181
(1985).

14. R. Karban and J. R. Carey, Scienc 225, 53 (1984).
15. R Karban, Entomol. Exp. Appl., in press.
16. ibid. 37, 137 (1985).
17. in preparation.
18. D. J. Kuenen, Tijdschr. Entomol. 91, 83 (1948); J.

D. Hare and J. A. Dodds,J. N.Y. Entomol. Soc. 86,
292 (1978); J. L. McIntyre and P. M. Miller,
Phytopathology 68, 235 (1978); J. H. Benedict, L. S.
Bird, C. Liverman, Proc. Beltwide Cotton Prod. Res.
Conf: 1979, 228 (1979); J. L. McIntyre, in How
PlantsDefend The,elves, vol. 5 ofPlantDisease: An
Advoancd Treatise, J. G. Horsfall and E. B. Cowling,
Eds. (Academic Press, New York, 1980), pp. 333-
343; -J. A. Dodds, J. D. Hare, Phytopathoqy
71, 297 (1981); G. C. Bergstrom, D. E. Knavel, J.
Kuc, Plant Dis. 66, 683 (1982).

19. Mite dispersal was reduced and mite population
growth enhanced by placing the plants in growth
chambers. However, conditions are more favorable
for infection and symptom expression caused by V.
dahliae in the greenhousc than in a growth chamber.

20. T. J. Dennehy, J. Granett, T. F. Leigh, J. Econ.
Entomol. 76, 1225 (1983).

21. Three injections were made into the upper stem of
each plant with a suspension of stram SS-4 (0.1
optical density or approximately 10' viable conidia
per milliliter).

22. Karban, in preparation.
23. Sample sizes for the second replicate were 26 plants

expdose to mites, 21 controls; or the third replicate,
iS exposed, 16 controls; and for the fourth repli-
cate, 7 exposed, 21 controls.

24. Tetranychus turkestani females were used to damage
the cotyledons because they arc more destructive
than T. urticae [J. N. Simons, J. Econ. Entmol. 57,
145 (1964)]. Tetranychus rticae females were used
for the bioassay of the effect ofwilt because they are
more sensitive than T. turkestani. It was not possible
to remove the fungus once scedlings had bcen
inoculated; hence, this procedure does not distin-
guish competition from resistance against mites
induced by the fungus.

25. Controls were cither not injected or received three
injections of distilled water into the upper stem. No
differences in growth were found between these two
types of controls.

26. At 28°C, T. urtcae complete a full generation in 12
days; thus 14 days allowed at least one generation [J.
R. Carey and J. W. Bradley, Acarolgia 23, 333
(1982)].

27. We measured stem height from the soil to the top of
the plant, stem height above the cotyledon node,
number of expanded true leaves, area of the true
leaves, and mean internode length.

28. Mite treatrnent and wilting were not independent in
a three-way test: G = 13.636, df = 1, P <0.005.
The frequency of wilt was not independent of
replicate (G = 44.784, df = 3,P < 0.005) although
the interaction between replicates, mite treatment,
and wilt was not sig cant (G = 6.842, df= 3,
P > 0.05). Even under controled conditions, with
cotton of the same variety, mites from the same
laboratory cultures, and fungi of the same strain,
incidence of mites and wilt varied greatly between
replicates in responsc to subtle environmental
changes [see (22)1.

29. Mite treatment and number of plants with symp-
toms ofchlorosis and necrosis were not independent
in a three-way test: G = 27.022, df = 3, P < 0.005.
Leaf symptoms were not independent of replicate
but the interaction between replicates, percentage of
leaf tissue with symptoms, and mite treatrnent was
not significant.

30. For the first replicate: t = 3.59, df = 37, P < 0.01;
for the second replicate: t = 1.97, df= 37,
P < 0.06. One plant tat had becn inoculated with
fungus in the first replicate andonc control plant in
the second replicate had no mites and were exduded
from the analyses.

31. Mean stem height in centimeters above soil ± 1 SE
for controls was 16.75 ± 0.48, for plants with
fungus was 12.48 ± 0.44, t = 6.52, df= 38,

P < 0.001. Height in centimeters above cotyledons
for controls was 7.70 ± 0.46, for plants with fungus
was 4.53 ± 0.38, t =5.35, df = 38, P <0.001.
Mean internode kngth in centimeters for controls
was 1.76 + 0.11, ror plants with fiunus was
1.45 + 0.50, t = 0.61, df= 38, not significant
(NS). Number of leaves for controls was
4.45 ± 0.13, for plants with fungus was
4.50 ± 0.15, t= 0.25, df= 38, NS. Leaf area in
square millimeters for controls was 936.85 ± 34.21,
for plants with fungus was 681.80 ± 56.49,
t = 3.86, df = 38, P < 0.001.

32. J. E. DeVay and G. S. Pullman, Phytopathol. Medi-
tenf. 23, 95 (1984).

33. Although plants exposed to fungi were smaller than
controls, on average, it seems unlikely that size
alone is responsible for the difference in mite popu-
lations. Leaf area andmite Population do not appear
to be positively correlated (for this study
r2 = 0.075, df = 37, NS).

34. J. Kuc, in Plant Disease Contl, R. C. Staples, Ed.
(Wiley, New York, 1981), pp. 259-272.

35. 0. R. W. Sutherland, G. B. Russell, D. R. Biggs, G.
A. Lane, Biochem. Syst. Ecol. 8, 73 (1980); S. V.

Hart, M. Kogan, J. D. Paxton,J. Chem. Ecol. 9, 657
(1983).

36. C. R. Howell, A. A. Bell, R. D. Stipanovic, Physsol.
Plant Pathol. 8, 181 (1976).

37. C. A. Elliger, B. G. Chan, A. C. Waiss, J. Econ.
Entomol. 71, 161 (1978); B. G. Chan, A. C. Waiss,
M. Lukefar,J. Insect Physiol. 24, 113 (1978); B. G.
Chan, A. C. Waiss, R. G. Binder, C. A. Elliger,
Entomol. Exp. AppI. 24, 294 (1978).

38. C. Darwin, On the Ogin ofSpecies (John Murray,
London, 1859); G. J. Gausc, The Strnle for Exs-
tence (Williams & Wilkins, Baltimore, 1934); R. S.
Miller, Adv. Ecol. Res. 4, 1 (1967); R. E. Ricklefs,
Ecology (Chiron, New York, 1979).

39. J. H. Lawton and D. R. Strong,Am. Nat. 118, 317
(1981); D. R. Strong, J. H. Lawton, T. R. E.
Southwood, Insects on Plants (Blackwell, Boston,
1984).

40. Wc thank J. DeVay, H. Dingle, and T. Schoener for
improving the manuscript and J. Granett for supply-
ing mites and plants. Supported by grants from the
University of California and U.S. Department of
Agriculture regional grants S-155 and S-205.
28 August 1986; accepted 5 November 1986

Development ofTwo Types of Calcium Channels in
Cultured Mammalian Hippocampal Neurons

YOEL YAARI,* BRIGiTE HAMON, HANS D. Lux

Calcium influx through voltage-gated membrane channels plays a crucial role in a
variety ofneuronal processes, including long-term potentiation and epileptogenesis in
the mammalian cortex. Recent studies indicate that calcium channels in some cell types
are heterogeneous. This heterogeneity has now been shown for calcium channels in
mammalian cortical neurons. When dissociated embryonic hippocampal neurons from
rat were grown in culture they first had only low voltage-activated, fully inactivating
somatic calcium channels. These channels were metabolically stable and conducted
calcium better than barium. Appearing later in conjunction with neurite outgrowth
and eventually predominating in the dendrites, were high voltage-activated, slowly
inactivating calcium channels. These were metabolically labile and more selective to
barium than to calcium. Both types of calcium currents were reduced by classical
calcium channel antagonists, but the low voltage-activated channels were more
strongly blocked by the anticonvulsant drug phenytoin. These findings demonstrate
the development and coexistence of two distinct types of calcium channels in
mammalian cortical neurons.

T HE ENTRY OF CALCIUM THROUGH
voltage-gated membrane channels is
essential for many neuronal func-

tions (1). In the mammalian brain Ca2+
enty participates in the generation of vari-
ous forms of electrical activity, such as den-
dritic spikes (2), rhythmic firing (3), normal
and epileptiform burst discharges (4), as
well as in the secretion of neurotransmitters
and neuromodulators (5). The influx of
Ca2+ may also couple neuronal activity to
metabolic processes and induce long-term
changes in neuronal and synaptic activity
(6). Studies in brainstem slices (3) and
cultured sensory neurons (7) have demon-
strated the coexistence of two types of Ca2+
channels in some mammalian neurons. We
have employed patch-clamp techniques (8)
and cultured rat hippocampal neurons (9) to
investigate whether the Ca2+ channels in
differentiated neurons from a mammalian

cortical structure are also heterogeneous
(10), and to characterize the development
and distribution of these channels during
neuronal growth.
Hippocampal neurons were dissociated

from 18- to 19-day-old rat embryos and
maintained in culture for 4 to 6 weeks (11).
Whole-cell membrane currents were record-
ed from the somatic region of the neurons
(12). Calcium currents (Ic.'s) were isolated
from other voltage-dependent membrane
currents by ionic substitution and addition
of sodium and potassium channel blockers
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Fig. 1. Calcium currents in dissociated rat hippocampal neurons at two
stages ofdevelopment in culture. (A) ICa's from a freshly plated ccll (5 hours
after plating). The cell was spherical in shape (diameter -8 pm) and had one
short (3 to 4 pm) neurite. (Top) Current responses evoked by stepping from
a -90-mV holding potential to various membrane potentials (indicated on
the left of each trace) for 150 msec. (Bottom) Current-voltage relation
depicting the peak current intensity at each step potential. Similar observa-
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tions were made in all cells (n = 27) examined in fresh cultures (3 to 5 hours
after plating). (B) ICa's from a neuron 2 days in culture. This neuron had
several branching neurites but seems to be spatially clamped, as judged by the
absence of "notches" and long "tail" currents (see Fig. 3B). (Top) Same as
(A). Note the sustained current component activated positive to -30 mV.
(Bottom) Current-voltage relation ofpeak (dosed circles) and sustained ICa's
(open circles). The sustained ICa was measured at the end of a 150-msec
pulse, as indicated in. the inset, at which time the LVA component is
presumably fully inactivated. The deflection indicated by the arrow marks the
threshold membrane potential for activation of HVA Ic. component.
Sinilar current-voltage relations were observed in 32 additional neurons in
1- to 3-day-old cultures. Fig. 2. Ionic selectivities and pharmacological
sensitivities of two types of ICa's in cultured rat hippocampal neurons.
Depolarizing pulses were delivered at one per 15 seconds. Holding and step
potentials are indicated to the left and to the right of the dashed line,
respectively. Records in test solutions were taken approximately 30 seconds
after solution exchange. (A) Differential effects ofBa + on (1) LVA and (2)
HVA ICa's. Calcium in the superfusion solution was replaced by an
equimolar concentration (10 mM) of Ba24. Similar effects of Ba2" were
observed in all six neurons examined in this way. (B) Suppression of (1)
LVA and (2) HVA Ica's by 100 IAM cadmium. In this neuron and another
three neurons similarly examined, both LVA and HVA ICa's were complete-
ly blocked. In another five neurons, although HVA ICa was completely
suppressed by 100 pM cadmium, LVA ICa's were reduced to 10 to 20% of
the control values. (C) Partial suppression of both (1) LVA and (2) HVA
Ica's by 100 pM verapamil. Similar effects were observed in all eight neurons
examined. (D) Differential effects of 100 pM phenytoin on (1) LVA and (2)
HVA ICa'S. Similar differential effects were evident in all ten neurons tested
with phenytoin.

to the external and internal solutions, re-

spectively (13). They were further identified
by their sensitivity to cadmium, a potent
Ca2" channel antagonist (14).

Stable recordings from freshly plated cells
could be obtained as soon as the cells at-
tached to the polylysine substrate (3 to 5
hours after plating). Although the cells are

morphologically undifferentiated at this
stage, most of them are probably neurons
because the presence of glia in fresh cultures
is minimal (9). Whole-cell ICa's that were

typical for these cells were elicited by step
depolarizations from a holding membrane
potential of -90 mV (Fig. IA). They were

activated at relatively low membrane poten-
tials (-50 to -40 mV) and their current-
voltage relation was smooth, attaining a

maximum between -20 to -10 mV (Fig.
1A). The activation time course of these low

6 FEBRUARY I987

voltage-activated (LVA) ICa's was sigmoi-
dal, voltage-dependent, and was faster at
more positive membrane potentials (Fig.
1A). The LVA ICans fiiuly inactivated during
a maintained voltage step. Inactvation was

similarly accelerated by more positive mem-
brane potentials (Fig. 1A). The LVA ICa'S

also exhibited a steady-state inactivation and
could not be evoked at holding potentials
more positive than -50 mV.

After attaching to the substrate, most cells
rapidly acquired neurite extensions, which
became larger and more intricate during the
first week in culture. This process was asso-

ciated with the appearance and gradual in-
crease of a high voltage-activated (HVA)
(between -30 to -20 mV) ICa component
(Fig. 1B). After 24 to 48 hours in culture,
HVA Ica's were usually larger than their
LVA counterparts. Most conspicuously, the

HVA ICa's only partially inactivated during
maintained depolarizing pulses (Fig. 1B).
Consequently, they could be activated from
more positive holding potentials (for exam-
ple, -50 mV) at which LVA ICa's were fiully
inactivated.
To test the hypothesis that LVA and

HVA ICa's represent activation of two dis-
tinct populations of Ca24 channels (termed
LVA and HVA channels, respectively), we
have compared several attributes of the two
types of ICa's.
We first tested the channels' selectivity to

permeating divalent cations by replacing
extracellular Ca2' with an equimolar con-

centration of barium. This treatment mark-
edly reduced LVA currents (Fig. 2A1), sug-
gesting that LVA channels are less perme-
able to Ba24. In contrast, HVA currents
were enhanced in this condition (Fig. 2A2).
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age-activated calcium currents. Record
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LVA and HVA IWs were evoked by al
stepping from a -90-mV holding pK
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vals of20 seconds. Superimposed trace
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whole-cell recording. Note in (B)

(marked by the dashed line) and

currents indicative of inadequate sp
control ofthe HVA 'Ca, which persists

the HVAC[A runs down to 20% of i

amplitude (at 15 minutes).

Presumably Ba2' passes throuq
HVA channels more easily than d

(1., 15).
Interaction with Ca2' channel

nists was also examined. Both type

werestrongly suppressed by 100

um (Fig. 2B). The organic(B)2

blocker verapamil reduced LVA a

Ica's to a similar degree at 100

2C). However, the anticonvulss

phenytoin, at a similar dose, pref
blocked LVA I'Cn (Fig. 2D). The

all three agents on Cai wereretadi

ible upon washing.
Finally we examined the time-d

"run down" of HVA Ic5'S. Even

frequent stimulation, HVA1 s

declined in amplitude and large

peared within 15 to 20 minutes afd

lishing the whole-cell clamp (Fig.

sumably cytoplasmic components

for the mctabolic maintenance r

channels are washed out during per
the cel interior by the microelectr-

tion (16). In contrast, LVA Ica'sdin

down (Fig. 3A).
From these results we concludet

and HVA Icas are conducted byt
rate populations ofCa"n chanl

quesotin arises whether the differ

velopment of the two channel typc
with respect to ncurite outgrowt
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expressed in their somatodendritic distrib
tion. When evoking HVA ICa's in neuro
with extensive dendritic arborizations, v

1

commonly observed "notch" currents du
ing the depolarizing voltage step, and lar
and prolonged "tail" currents thereaft

~ (Fig. 3B), indicative of inadequate spa
clamp control (17). In the same neuror
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I dominant somatic distribution of LVj100 pA
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LVA and HVA Ca2+ channels coeist
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mV [(B) Our findings show that two distinct typ

.d at inter- of Ca2+ channels develop in hippocamp
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L5, 20 in
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shing the
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