
(28). Finally, it will be interesting to ascer- 
tain whether the mechanism of removal of 
viral ligands by soluble forms of cell surface 
receptors is also operative for other viruses, 
such as for rhinoviruses treated with the 
soluble intercellular adhesion molecule-1 
(ICAM-1) receptor (29). 
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Contributions of Two Types of Calcium Channels to 
Synaptic Transmission a d  Plasticity 

I n  Aplysia sensory and motor neurons in culture, the contributions of the major classes 
of calcium current can be selectively examined while transmitter release and its 
modulation are examined. A slowly inactivating, dihydropyridine-sensitive calcium 
current does not contribute either to  normal synaptic transmission o r  to  any of three 
different forms of plasticity: presynaptic inhibition, homosynaptic depression, and 
presynaptic facilitation. This current does contribute, however, t o  a fourth form of 
plasticity-modulation of transmitter release by tonic depolarization of the sensory 
neuron. By contrast, a second calcium current, which is rapidly inactivating and 
dihydropyridine-insensitive, contributes to release elicited by the transient depolariza- 
tion of an action potential and t o  the other three forms of plasticity. 

C ALCIUM HAS AN UNUSUAL. ROLE IN  

nerve and muscle cells in that it is 
both a carrier of positive charge that 

contributes to excitability and an intracellu- 
lar second messenger for a variety of cellular 
responses, including contraction and secre- 
tion (1). Calcium influx into most neurons 
occurs through at least two of three classes 
of voltage-dependent channels (2-6) : an 
L-type channel that inactivates slowly (7) 
and is modulated by dihydropyridine com- 
pounds; and at least one of two dihydropy- 
ridine-insensitive channels, an N type that is 
activated by strong depolarization, or a T 
type activated by weak depolarization. What 
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role does each of these channels have in the 
release of chemical transmitter and in synap- 
tic plasticity? 

In rat sympathetic neurons, the release of 
norepinephrine is primarily dependent on 
the N-type Ca2+ channel and does not 
appear to require the L-type channel (8, 9). 
By contrast, in dorsal root ganglion neurons 
from chicks, L-type channels contribute to 
the release of substance P (8, 10). However, 
in studies of vertebrate cells, transmitter 
release could not be initiated physiologically 
by action potentials, because dihydropyri- 
dine antagonists of L-type channels are only 
egective in tonically depolarized cells (3, 10, 
11). As a result, release was elicited by 
prolonged depolarization of cells with a 
solution containing elevated concentrations 
of Kf . Moreover, release was monitored not 
by recording discrete postsynaptic potentials 
(PSPs) in a follower neuron but by deter- 
mining the amount of labeled transmitter 
that accumulated in the bathing solution. As 
a result, the normal (fast) kinetics of release 
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could not be detected. Finally, since these 
cultured cells were plated alone, release 
might have occurred frorn sites other than 
those equivalent to mature synaptic struc- 
tures. 

We have been able to overcome these 
limitations in dissociated cell culture with 
single Aplysia sensory neurons that form 
effective synaptic connections with single 
identifiable motor neurons (12). We found 
that sensory neurons have at least two dis- 
tinct classes of Ca2+ channels: a slowly 

*inactivating channel (comparable to the 
L-type channel) that is blocked by the dihy- 
dropyridine antagonist nifedipine and a rap- 
idly inactivating channel (comparable to the 
N-type channel) that is insensitive to nifedi- 
pine. In sensory cells, as in the bag cells of 
Aplysia (13), the pharmacological block pro- 
duced by the dihydropyridine antagonist was 
not sipficantly voltage-dependent. As a re- 
sult, we could examine the relative roles of the 
currents in transmitter release elicited with an 
action potential and monitored from the syn- 
aptic terminals by recording the PSP pro- 
duced in the target motor neuron. 

To characterize the Ca2+ current of Aply- 
ria sensory neurons, we used the whole-cell 
voltage-clamp technique ( 14) on cultured neu- 
rons (15) and evoked Ca2+ currents (16) by 
stepping from a holding potential of -50 mV 
to various test potentials (Fig. 1A). Stepping 
to low voltages (-20 to - 10 mV) produced 
an inward current that showed little inactiva- 
tion during the test pulse. By contrast, steps to 
voltages higher than 0 mV elicited currents 
that had a rapid phase of inactivation early in 
the test pulse apd a much slower phase of 
inactivation late in the pulse. The fin* that, 
with strong depolarhtions, the Ca2+ current 
acquires a rapid phase of inactivation superim- 
posed on a slower phase suggested that a 

rapidly inactivating component of current 
may be recruited at the higher voltages. 

To separate the components of Ca2+ cur- 
rent, we utilized the dihydropyridine antag- 
onist nifedipine, which blocks the slowly 
inactivating L-type current in vertebrate sen- 
sory cells (3, 10). A saturating dose of nifedi- 
pine (10 pM) (1 7 )  reduced the total inward 
current at all test potentials (Fig. lB, left), 
both at low voltages, where the total current 
inactivates slowly, and at high voltages, where 
the rapidly inactivating component is present 
(18). Subtraction of the current obtained in 
the presence of nifedipine from the control 
current revealed a difference current that is 
slowly inactivating (Fig. lC, left), similar to 
the L-type current in vertebrate sensory neu- 
rons (2-4, 10). Even at higher voltages, the 
nifedipine difference current (Fig. lC, left) 
does not manifest the rapid phase of inactiva- 
tion observed in the total current (Fig. 1, A 
and B). 

We next searched for a compound that 
could block the rapidly inactivating compo- 
nent recruited at high voltages. We found 
that the tetrapeptide FMRFamide (PheMet 
ArgPhe-amide), which enhances the S-type 
K+ current and produces presynaptic inhi- 
bition in Aplysia sensory neurons (1%21), 
selectively depresses the rapidly inactivating 
Ca2+ current without affecting the slowly 
inactivating one (Fig. lB, right) (22-24). 
Thus, FMRFamide has no detectable effect 
on the Ca2+ current at low voltages, where 
the rapid phase of inactivation is absent, but 
inhibits the current at higher voltages (0 mV 
and above), where the rapidly inactivating 
component emerges. The difference currents 
(Fig. lC, right) indicate that the current 
inhibited by FMRFamide at high voltages is 
rapidly inactivating and is distinct from the 
current blocked by nifedipine (25). 

Fig. 1. Macroscopic Ca2+ A B C 
current of Aplysia sensory Nlfed~plne FMRFamlde Nlledlplne FMRFamlde 

neurons. (A) Ca2+ currents -20- 
for depolarizing voltage- -20- - 

-20 -4 ----725 pA 
clamp steps elicited from the -I0- -250 pA 
holding potential (Vh) to 0%- O w  L--- 7/-+- 

test potentials ranging frorn 
-20 to +50 mV (shown at 
the left of each trace). The 
decay of the total inward 
current at these higher volt- 
ages could be fit, with the 

- - 
+low- y 
+"1" v- 
+30F- If- 

method of least squares, by 
the sum of two exponentids * t 4 0 7  -500pA 

20 ms with time constants of ap- ,500p~ 
proximately 18 ? 2 (SEM) 25 ms 
and 180 2 40 (SEM) ms, 
respectively (n = 4), at 15 mV. (B) Macroscopic Ca2+ current can be separated into two components. 
Nifedipine (10 pM) and FMRFamide (40 pM) reduce the inward Ca2+ current evoked by 
depolarizations ranging from -20 mV to +40 mV. Control and experimental traces are superimposed 
for each voltage. The 250-pA calibration bar (at the right of the - 10 mV steps) applies only to the -20- 
and - 10-mV current records. (C) Difference currents for nifedipine and FMRFamide are shown for 
selected test potentials (Vh = -50 mV in A, B, and C.) 

The currents blocked by FMRFamide and 
nifedipine were independent of each other. 
The action of FMRFamide on the rapidly 
inactivating component is not diminished 
by pretreatment with nifedipine, which 
blocks the slowly inactivating component 
(Fig. 2A). Despite the fact that nifedipine (5 
FM) produced a mean reduction of 20 + 
3% (SEM; n = 5) of the peak Ca2+ current 
(SEM, 3.0; n = 5), the effect of 10 p,M 
FMRFamide in the presence of nifedipine 
was the same as in its absence [(FMRF- 
amide difference in nifedipine)/(FMRF- 
amide difference in control) = 112 * 9.5% 
(SEM; not significant)] (26). 

To obtain more direct evidence for two 
distinct types of Ca2+ channels, we carried 
out single-channel experiments (n = 8) (27). 
Selected traces (above) and an ensemble 
average (below), shown in Fig. 2B, were 
taken from a patch containing one or two 
types of channels that do not appear to 
inactivate. By contrast, records taken from a 
patch containing a distinct, low-amplitude 
channel that tended to inactivate during the 

A control Nifedipine 

Fig. 2. (A) Inhibition of the Ca2+ current with 
FMRFamide is independent of the presence of t h ~ b  
slowly inactivating, nifedipine-sensitive compb- 
nent. Effect of 10 pM FMRFamide alone on the 
Ca2+ current (left), and the effect of the same dose 
of FMRFamide after reducing the inward current 
with 5 FM nifedipine (right). (B) Single-channel 
data show at least two distinct classes of Ca2+ 
channels, recorded in a solution containing 110 
rnM Ba2+. (B,) Example of a cell-attached patch 
containing one and possibly two channels that 
contribute slowly inactivating current. Individual 
current traces (above) show openings (downward 
deflections) of two amplitudes that correspond to 
single-channel conduc;ances of approxim~tely 15 
and 25 pS. An ensemble average of 34 sweeps is 
shown below. (B,) Records taken from a different 
patch containing a very small amplitude channel 
for which the slope conductance could not be 
determined (above). The ensemble current from 
22 sweeps is shown below. Membrane potentials 
are indicated relative to the resting potential, 
which is typically between -40 and -50 mV in 
sensory neurons. 
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voltage-clamp step are shown in Fig. 2B2. 
These data support the pharmacological and 
kinetic separation obtained for the macro- 
scopic current. 

Calcium influx is required for transmitter 
release (28). To determine the role of these 
two Ca2+ channels in transmitter release 
from sensory neurons, we cocultured one or 
more sensory neurons for 3 to 5 days with a 
motor neuron (12) and recorded from both 
the pre- and the postsynaptic cells with a 
microelectrode (29). The synaptic potential 
produced by an action potential in the sen- 
sory neuron was not significantly affected by 
either 5 or 10 FM nifedipine (Fig. 3A) (30). 
Since neither concentration of nifedipine 
significantly altered the mean amplitudd (as 
percent of control) of the PSP (31), the data 
were pooled (Fig. 3A2) to give a value of 
99.1 +- 7.9% (SEM; t = 0.11, not signifi- 
cant; n = 9). Thus, in these cells, the slowly 
inactivating current does not contribute sig- 
nificantly to normal transmitter release; 
these results are similar to those in sympa- 
thetic neurons (9). 

Aplyria sensory neurons can undergo sev- 
eral forms of synaptic plasticity. wethere- 
fore next examined the role of the two 
components of Ca2+ current in three forms 

of plasticity: presynaptic inhibition, homo- 
synaptic depression, and presynaptic facilita- 
tion. 

Presynaptic inhibition by FMRFamide is 
expressed as a large reduction in the ampli- 
tude of the synaptic potential recorded in 
the motor neuron (Fig. 3B) (19, 20). The 
fact that FMRFamide selectively inhibits the 
rapidly inactivating Ca2+ current (Fig. lB, 
right) is consistent with two ideas: (i) the 
rapidly inactivating component, unlike the 
nifedipine-sensitive component, contributes 
to transmitter release; and (ii) presynaptic 
inhibition of transmitter release from senso- 
ry neurons is at least partially mediated by 
modulation of this rapidly inactivating com- 
ponent. We cannot determine the relative 
importance of the inhibition of Ca2+ cur- 
rent to the inhibition of release in these 
experiments, because FMRFamide has mul- 
tiple inhibitory actions on sensory neurons 
that include an enhancement of S-type K+ 
current (21) and a direct effect on the trans- 
mitter release mechanism that is indepen- 
dent of changes in intracellular Ca2+ levels 
(24, 32). In testing whether the slowly inac- 
tivating component is required for the 
expression of presynaptic inhibition, we 
found that blocking the slowly inactivating 

Fig. 3. (A) Nifedipine-sensitive 
component of Ca2+ current is not Control Nifedipine Control A2 
required for transmitter release. 
Representative records (A1) show MNA 
that 5 pM nifedipine has no signif- 
icant effect on normal synaptic SN-]l-- 1- i: 
transmission. Pooled data for ex- 100ms O g 
periments with 5 and 10 pM nifed- .- a 

ti  
ipine are shown in (A,): the ampli- B B2 g 
tude of the PSP in nifedipine is 1 Control FMRFamide Control $$I50 
shown as a percent of the amplitude 
of the control PSP immediately MN J I g i m  
preceding nifedipine application. 

28 
-5 50 

(B) FMRFamide produces presyn- 
aptic inhibition in sensory neurons. SN 0 

Records illustrating the inhibitory 100 ms 

FMRFamide ( l o  pM) are Cl Nifedipine Nifedipine Nifedipine 
shown in (B,). Pooled data are 

ci 
$$I50 

shown in (B,). (C) The slowly in- FMRFamide > 3.- A i_l_ r s l o o  activating Ca2+ current is not re- MN 
quired for the expression of presyn- 
aptic inhibition. FMRFamide can 
inhibit transmitter release in the SN 

kJ_ L, 
50 ms g ?$ ,E 

presence of nifedipine (C,). Pooled .- g+5 5 
data in (C,) show that FMRFa- D 
mide's inhibitory action is not al- a3 2 1 0 0  Control 

tered by removal of the slowly in- .- s 2  Nifedipine - - 
activating Ca2+ current [compare 2 :a s T 
with (B,)]. [Error bars in (A), (B), - .C 50 

and (C) denote SEMs.] The data in =a 
2 6  

(B,) and (C,) are plotted as the 
average amphtude of the PSP in O 1 3 5 7 9  
FMRFamide (open bars) and im- Stimulus number 
mediately after washout of FMR- 
Famide (hatched bars) as a percent of the average control value preceding FMRFamide application. (D) 
Homosynaptic depression does not require the slowly inactivating Ca2+ current. The graph illustrates 
the effect of repetitive stimulation of the sensory neuron (one stimulus per 40 s) on the average PSP 
amplitude recorded in the follower neuron. Average amplitudes are plotted as a percentage of the 
average control value in the presence (n = 6) and absence (n  = 6) of 10 pM nifedipine. Error bar, SEM. 
There was no statistically significant difference between the two groups for any of the stimulus numbers. 
(MN = motor neuron; SN = sensory neuron.) 

current with nifedipine had essentially no 
effect on the ability of FMRFamide to in- 
hibit transmitter release (Fig. 3C). Under 
normal conditions (Fig. 3B), 10 pM FMRF- 
amide reduced the amplitude of the PSP to an 
average of 11 2 7.2% of the average control 
value (t = 12.4, P < 0.01; n = 5). In the 
presence of 10 PM nifedipine (Fig. 3C), the 
same concentration of FMRFamide inhibited 
the PSP to an average of 6.25 2 1.5% of 
the average control value ( t  = 62.5, P < 0.01; 
n = 6). The difference between the two 
groups was not statistically sipficant for ei- 
ther the average control amplitude or the 
average amplitude of the PSP in FMRF- 
amide. 

We then examined a second form of ~ l a s -  
ticity, homosynaptic depression, which is 
characterized by a progressive reduction in 
the amount of transmitter released from 
sensory neurons with successive stimulation. 
Using nifedipine, we found that the homo- 
synaptic depression achieved by stimulating 
the sensory neuron once every 40 s was not 
significantly affected by blockade of the slow- 
ly inactivating current (n = 6) (Fig. 3D). 

A third form of plasticity, presynaptic 
facilitation, is expressed as a largeincrease in 
the amount of transmitter released from 
sensory neurons in response to the applica- 
tion df a facilitatory-transmitter sGh as 
serotonin (5-HT). Neither 5 nor 10 p,M 
nifedipine applied to a sensorimotor con- 
nection previously facilitated with 5-HT 
(Fig. 4A) altered the mean amplitude of the 
PSP expressed as percent of the control 
synaptic potential in 5-HT (33). Pooling the 
data gives a value of 102.4 r 5.5% 
( t  = 0.44, not significant, n = 8). Thus, the 
expression of presynaptic facilitation is not 
significantly affected by reducing the slowly 
inactivating current (34). To ensure that 
nifedipine was effectively blocking Ca2+ 
current, we tested the effects of nifedipine 
on transmitter release in the presence of 
5-HT while simultaneously monitoring the 
Ca2+ current to verify the action of nifedi- 
pine (35). Nifedipine produced a substantial 
reduction in Ca2+ current, but transmitter 
release was essentially unaffected (Fig. 4B). 
Although nifedipine reduced the peak Ca2+ 
current- by an average of 34 2 6.4%, the 
mean amplitude of the postsynaptic poten- 
tial in nifedipine as percent of control was 
99 r 3% ( t  = 0.33, not significant, n = 12). 
Our results support the cdnc~usion that nei- 
ther normal synaptic transmission nor any of 
the three forms of plasticity examined above 
require the dihydr~pyridine-sensitive, slow- 
ly inactivating current. 

The fact that nifedipine had no significant 
effect on transmitter release under a varietv 
of conditions suggests the possibility that 
the total amount of Ca2+ entering through 
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voltage-dependent channels is normally 
large enough to saturate the release process. 
Thus, producing only a partial reduction in 
the Ca2+ current, with nifedipine or any 
other Ca2+ channel blocker, might not suf- 
ficiently decrease Ca2+ influx to a nonsat- 
urating level. To address this problem, we 
produced a similar reduction in the Ca2+ 
current with the relatively nonselective 
blocker Cd2+ (36) and examined the effect 
on synaptic transmission in 5-HT (37). A 
dose of 10 yM Cd2+ blocked the peak Ca2+ 
current to about the same level as 10 yM 
nifedipine (Fig. 4C,). However, unlike ni- 
fedipine, 10 yM Cd2+ produced a 
35 2 6.9% ( t  = 5.07, P < 0.01, n = 7) re- 
duction in the amplitude of the PSP (Fig. 
4C2). Because other experiments, in which 
we monitored spontaneous miniature po- 
tentials produced by sensory neurons, indi- 
cate that Cd2+ acts presynaptically (38), 
these results strengthen the conclusion that 
the slowly inactivating current is not re- 
quired to evoke transmitter release under the 
conditions described above. 

We next investigated the role of the slow- 
ly inactivating Ca2+ current in the enhance- 
ment of transmitter release by tonic depolar- 
ization. Evoked transmitter release from the 
Aplysia neuron L10 can be modulated by 
varying the membrane potential (39). Tonic 

Fig. 5. The slowly inactivating current is important for the modula- 
tion of transmitter release in response to sensory neuron depolariza- 
tion. (A) Averaged data illustrates that the reduction of the mean time 
interval between spontaneous miniature postsynaptic potentials (ME- 
PSPs) with depolarization to voltages between -30 and 0 mV 
(open bar) as compared to control at resting potential (solid bar) is 
partially reversed by the application of 10 pM nifedlpine (hatched bar). 
(6 )  The slowly inactivating current is important for depolarization- 
induced changes in evoked transmitter release. Presynaptic depolariza- 
tion to -30 mV for 5 to 8 s before eliciting an action potential 
is ineffective in enhancing release in 
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the presence of nifediFine (B,); 
however, after washing (B,), depo- 1 

larization enhances release. (B,) The MN --!''i 

average depolarization-induced 
change in the PSP in the absence of I 
nifedipine as a percent of the aver- S N - L -  

age change in the presence of 10 
pM nifedipine. (Error bar denotes 
SEM.) B2 

MN A 

depolarization of LlO produces an enhance- 
ment of release, which is partially due to an 
increase in steady-state Ca2+ influx during 
the depolarization (39). This type of trans- 
mitter modulation occurs in sensory neu- 
rons and is manifest both as a change in 
evoked transmitter release (40) and as an 
alteration in spontaneous release-a change 

Fig. 4. (A) Presynaptic facil- A1 5-HT 
itation with 5-HT does not Control 5-HT Nifeipine A2 

require the slowly inactivat- 
ing Ca2+ current. (A,) 
Blocking the slowly inacti- 
vating current with 5 pM MN- 

viously facilitated with 10 100 rns 
pM 5-HT. (A2) Pooled data 

+ 
Nifedipine 

for 5 and 10 pM nifedipine 
show that nifedipine has no Control Nifedipine C1 
significant effect on the am- 
plitude of the PSP, as com- 
pared to the amplitude of 
the PSP previously facilitat- 
ed with 5-HT. (Error bar 25 ms 
denotes SEM.) ( 6 )  Trans- 
mitter release from sensory 
neurons was elicited with Nifedipine 
depolarizing voltage-clamp A 0 . 5  nA 
steps from a V, of -50 mV 20 rns 
to + 15 mV in the continued 
presence of 5-HT. Both the 5-HT 

PSP (above; ac-coupled) C2 5-HT cd2+ 5-HT 
+ 

and the Ca2+ current (be- 
low) were recorded directly. 
Although 10 pM nifedipine 
reduced the Ca2+ current, M N 
transmitter release was unaf- 
fected. (C) A partial reduc- 
tion in the Ca2+ current SN 
with a low dose of Cd2+ _j 20 rnV 

reduces the amplitude of the 50 ms 

PSP. Holding potential, -50 mV; test potential, + 15 mV. (C,) In the continued presence of 10 pM 
5-HT, 10 pM Cd2+ reduces the inward ca2+ current to approximately the same level as a saturating 
dose of nifedipine (10 pM). (C2) Unlike nifedpine, 10 pM Cd2+ reduces the amplitude of the PSP. 
These experiments were conducted on facilitated sensorimotor connections in 5-HT. 
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in the frequency of spontaneous miniature 
potentials (32). Depolarizing the sensory 
cell to voltages where the slowly inactivating 
current activates (approximately - 30 mV) 
causes an increase in the frequency of occur- 
rence of spontaneous miniature potentials 
(the mean time interval decreases), and this 
increase is dependent on extracellular Ca2+ 
(32). We suspected that the slowly inactivat- 
ing Ca2+ current might contribute to this 
enhancement of release. As predicted, nifed- 
ipine reduced the increase in spontaneous 
release produced by depolarization. Depo- 
larization to voltages between -30 and 0 
mV reduced the mean time interval between 
consecutive spontaneous miniature poten- 
tials recorded in a follower neuron to an 
average of 35 k 6.2% (n = 5) of the aver- 
age control value at the resting potential 
(between -40 and -50 mV) (Fig. 5A), 
whereas nifedipine reversed this effect of 
depolarization to 67 k 11% of control. The 
increase in the mean time interval between 
miniature potentials produced by nifedipine 
during depolarization was significantly dif- 
ferent from the mean time interval observed 
during depolarization alone ( t  = 4.64, 
P < 0.01). Moreover, nifedipine did not 
affect the enhancement of spontaneous re- 
lease by 5-HT at the resting potential (41), 
suggesting that the effect of nifedipine was 
specific to the change in miniature potential 
frequency produced by depolarization. 

We also tested the role of the slowly 
inactivating current in depolarization-in- 
duced changes in evoked release. Depolar- 
ization of the sensory neuron to - 30 mV, a 
potential at which the slowly inactivating 
current is selectively activated, was sufficient 
to cause an enhancement of transmitter re- 
lease (Fig. 5B2). Moreover, this effect of 
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depolarization was blocked in the presence 
of 10 (xM nifedipine (Fig. 5BJ . The average 
percent change in the amplitude of the PSP 
upon depolarization to - 3 0 mV was 67% 
larger in control than the average percent 
change in 10 (xM nifedipine (t = 3.35, 
P < 0.05, n = 5) (Fig. 5B3). Taken togeth­
er, these data suggest that certain forms of 
plasticity may utilize a class of Ca2+ chan­
nels that, under other conditions, does not 
participate in the release process. 

We find that the dihydropyridine nifedi­
pine produces a substantial reduction in the 
total Ca2+ current; however, removal of this 
major component of Ca2+ influx has no 
significant effect on synaptic transmission or 
on three major forms of synaptic plasticity: 
presynaptic inhibition, homosynaptic de­
pression, and presynaptic facilitation. In ad­
dition, 5-HT, which produces presynaptic 
facilitation, selectively enhances the slowly 
inactivating current (34), yet this current is 
not required for the expression of presynap­
tic facilitation. The data suggest that it is not 
possible to implicate modulation of a mac­
roscopic Ca2 + current in an alteration of 
transmitter release without first identifying 
the different components of Ca2+ current 
and characterizing their functional roles. 
Any increase in Ca2+ influx important for 
presynaptic facilitation in the sensory neu­
rons is likely to be indirectly mediated, 
occurring via depression of K+ currents, 
which prolongs activation of the rapidly 
inactivating Ca2+ current by causing spike 
broadening (42, 43). 

Why do the channels that contribute 
slowly inactivating current not contribute to 
routine release and to most forms of plastic­
ity? These channels could be remote from 
the terminals so that they are unable to 
contribute Ca2+ to the release sites. How­
ever, with steady-state depolarization, the 
channels do contribute Ca2 + to effect re­
lease, suggesting either that the slowly inac­
tivating channels are not very distant from 
release sites, or that prolonged Ca2+ influx 
occurring due to tonic Ca2+ channel activa­
tion effectively saturates local intracellular 
Ca2+ buffers, thereby allowing Ca2+ to dif­
fuse over much greater distances. During an 
action potential, the channels simply may 
not remain open long enough to allow Ca2+ 

to diffuse to release sites. Regardless of the 
mechanism, the rapidly inactivating Ca2+ 

channels contribute to release controlled by 
the action potential and its modulation, 
whereas the slowly inactivating channels 
may contribute to release only when the 
membrane is depolarized for longer times. 
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Autonomous Developmental Control of Human 
Embryonic Globin Gene Switching in Transgenic Mice 

The mechanisms by which expression of the P-like globin genes are developmentally 
regulated are under intense investigation. The temporal control of human embryonic 
(E) globin expression was analyzed. A 3.7-kilobase (kb) fragment that contained the 
entire human €-globin gene was linked to a 2.5-kb cassette of the locus control region 
(LCR), and the developmental time of expression of this construct was studied in 
transgenic mice. The human €-globin transgene was expressed in yolk sac-derived 
primitive erythroid cells, but not in fetal liver or bone marrow-derived definitive 
erythroid cells. The absence of E gene expression in definitive erythroid cells suggests 
that the developmental regulation of the €-globin gene depends only on the presence 
of the LCR and the E-globin gene itself (that is, an autonomous negative control 
mechanism). The autonomy of €-globin gene developmental control distinguishes it &om 
the competitive mechanism of regulation of y and P-globin genes, and therefore, suggests 
that at least two distinct mechanisms function in human hemoglobin switching. 

I N HUMANS, PRIMITIVE ERYTHROPOIE- 

sis takes place in the blood islands of the 
embryonic yolk sac. Definitive erythro- 

poiesis originates in the fetal liver and shifts 
to the bone marrow at around the time of 
birth. At different stages of ontogeny, hu- 
man erythroid cells contain different 
P-globin chains, E chain synthesis is restrict- 
ed to embryonic cells, Gy and Ay chains 
predominate in the fetal stage, and the 6 and 
p chains are maximally produced in the 
adult. The corresponding genes are arranged 
in a single locus in the order that they are 
expressed during ontogeny: 5'-E, Gy, 6, 
p-3'. 

Division of Medical Genetics, University of Washington, 
Seattle, WA 98195. 

The activation and high-level transcrip- 
tion of the P-globin locus are thought to be 
dependent on the locus control region 
(LCR). This segment of DNA, which is 
located 6 to 20 kb upstream of the E gene, is 
characterized by a series of erythroid-specific 
hypersensitive sites (1). Reverse genetics has 
shown that the LCR confers high-level, 
position-independent, copy number-depen- 
dent expression on a linked P-globin gene in 
transgenic mice (2). The LCR effect appears 
to be dominant, as it confers high-level, 
erythroid-specific expression on a number of 
cis-linked heterologous erythroid (3 ) ,  
housekeeping (4) ,  &d nonerythroid (5 )  
genes. Experiments in transgenic mice show 
that linkage of the LCR to the individual 
human fetal (y) or adult (P) globin genes 
results in their expression at all stages of 

mouse development (6 ,  7). Correct develop- 
mental regulation is restored in constructs 
that contain both the y and P genes. This 
suggests that the fetal-to-adult globin gene 
switch is mediated by a reciprocal mecha- 
nism in which the genes compete for the 
influence of the LCR (7). 

To investigate the nature of the develop- 
mental control of the human embryonic 
globin gene, we linked the human €-globin 
gene to the LCR and analyzed its stage- 
specific expression in transgenic mice. A 
3.7-kb Eco RI fragment that contained the 
entire human e-globin gene (8) was linked 
to a 2.5-kb cassette (9)  that contained hy- 
persensitive sites I to IV of the human 

Table 1. Human embryonic gene expression in 
the blood of transgenic mice. Human expression 
could not be quantitated in the liver since it could 
not be detected in either long exposure or by 
scintillation counting. The absence of human c 
expression in definitive erythroid cells was hrther 
confirmed by RNase protection analysis of the 
blood of adult FLAR transgenic mice. In three 
experiments E expression could not be detected 
even when ten times the normal amount of RNA 
was used in the analyses. The change in expression 
from 29% at d l 1  to 0.28% at d l 4  represents a 
reduction in human E expression by 100-fold 
during development. As shown in Fig. 4, similar 
reductions are seen in the endogenous mouse 
embryonic globin genes (5, eY, phl).  

Gene Gene expression 
~ l ~ ~ d  expression human €1 

sample (mouse a + 5) 

date Corrected Human c Mouse a + 5  Percent for gene 
copies 
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