
mutations described here are probably the 
result of reduced or abolished function of 
the pha-1 gene. In order to identify the 
phenotype presented by complete absence of 
pha-1 (null phenotype), we isolated a defi- 
ciency, tDf2, which fails to complement not 
onlypha-1 but also both flanking genes, vab- 
7 and tra-1 (Fig. 3), and therefore has most 
likely completely lost the pha-1 locus. The 
phenotype of homozygous tDJ2 embryos is 
very similar to that of the strong pha- 1 alleles 
(Table 1). Thus, complete removal of pha-1 
function results in defective pharynx differ- 
entiation. Another deficiency, eDf20 (for- 
merly e1855) ( 6 ) ,  also fails to complement 
pha-1 and tva-1. Its phenotype is similar to 
that of weak pha-1 alleles, suggesting that 
some pha-1 function is still present. 

Animals homozygous for the tempera- 
ture-sensitive pha-1 alleles e2123 and tl0Ol 
grow to fertile, wild-type-looking hermaph- 
rodites and males of wild-type morphology 
when shifted to nonpermissive temperature 
(25°C) after embryogenesis and hatching at 
permissive temperature (15°C). Tempera- 
ture-shift experiments during embryogene- 
sis show that the temperature-sensitive 
~hases  of both tem~erature-sensitive alleles 
I 

begin during the proliferation phase and 
end at the 1Y2-fold stage of embryogenesis 
(Fig. 4). 

The defect in pharynx development ob- 
served in pha-1 mutants indicates that there 
are at least two steps in embryonic pharynx 
development. ~ a r $  development 
does not require pha-1 function since, in 
mutant embryos, pharyngeal cells are gener- 
ated, a basement membrane is formed, and 
an early muscle cell-specific antigen is ex- 
pressed. Later pharynx development, how- 
ever, requires pha-l function, as expression 
of later markers in three of five pharyngeal 
cell types and morphogenesis of the pharynx 
are blocked in mutant embryos. Thus, cells 
that have already acquired their identities do 

> .  

not continue to differentiate but require an 
additional cue. The temperature-shift ex- 
periments indicate that pha-1 only functions 
during embryogenesis and is not required 
for the continued expression of pharynx 
components such as myosin during postem- 
bryonic growth. Therefore, pha-1 appears to 
be a gene involved in the cofitrol of the latter 
stages of differentiation and morphogenesis 
of the ~harvnx.  

L ,  

The identification of an organ-specific 
gene provides further evidence against the 
original thought that the C. elegans body is 
largely put together in a piecemeal manner 
by cell-autonomously determined cell lin- 
eages (2, 5). To our knowledge, organ- 
specific lack of differentiation has rarely been 
observed. The other examples of organ- 
specific genes that have been described are 

cavdiac lethal (7) and eyeless (8) in the Mexican 
axolotl and may be involved in inductive 
interactions, as shown by transplantation 
experiments. The gene pha- 1 may similarly 
be involved in an inductive interaction. 
Alternatively, pha-1 could be required au- 
tonomously in all pharynx cells-for exam- 
ple, to turn on expression of late differentia- 
tion functions in the pharynx of C. elegans. 
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Changes in Sodium Channel Gating Produced by 
Point Mutations in a Cytoplasmic Linker 

Voltage-gated sodium channels are transmembrane proteins of approximately 2000 
amino acids and consist of four homologous domains (I  through Iv). I n  current 
topographical models, domains I11 and N are linked by a highly conserved cytoplas- 
mic sequence of amino acids. Disruptions of the 111-IV linker by cleavage o r  antibody 
binding slow inactivation, the depolarization-induced closed state characteristic of 
sodium channels. This linker might be the positively charged "ball" that is thought t o  
cause inactivation by occluding the open channel. Therefore, groups of two o r  three 
contiguous lysines were neutralized o r  a glutamate was substituted for an arginine in 
the 111-N linker of type I11 rat brain sodium channels. I n  all cases, inactivation 
occurred more rapidly rather than more slowly, contrary t o  predictions. Furthermore, 
activation was delayed in the arginine to  glutamate mutation. Hence, the 111-N linker 
does not simply act as a charged blocker of the channel but instead influences all 
aspects of sodium channel gating. 

T HE AMINO ACID SEQUENCES OF served segment links domains I11 and IV of 
many voltage-gated ion channels the voltage-dependent Na' channel (1-3) 
have been identified, and segments (Fig. 1A). This linker has a role in Na' 

responsible for channel gating and ion con- channel gating, since antibodies against a 
duction have been proposed. A highly con- peptide sequence within this region delay 

Na' current inactivation in skeletal myo- 
balls when applied from the cytoplasmic 

J .  R.  Moorman, Department of ~Med~cine, University of 
Texas Medical Branch, Galveston, TX 77550. surface (4) ,  and coinjection of rn&wAs en- 
G. E. Kirsch, A. M. Brown, R.  H .  Joho, Depamnent of coding domains 1 to 111 with mEL"JAs en- 
 molecular Phvsiologv and Biophysics, Baylor College of 
Medicine,  ousto on,'^^ 77030. coding only domain IV of the type I1 Na' 

channel produces slowly inactivating Na' 
*To whom correspondence should be addressed at the 
Depamnent of Internal Medicrne, University of Vrrginia in Xenopus Oocytes ('1. A physical 
Health Sciences Center, CharlottesvlUe, VA 22908, basis for these findings was originally sug- 
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gested on the basis of the obsel~ation that channel inactivation gating in which a posi- 
endopeptidases removed Na' current inacti- tively charged cytoplasmic ball is attracted 
vmion without affecting activation (6). This electrostatically to a negatively charged site 
was the "ball and chain" model for Na' in the channel that is exposed after the 

A 
M 1 M2 M4 M5 

NQQKKKFGGQDIFMTEEQKKYYN.WKKLGSKKPQKPIPRPANKFQClWFDFVT Brain 1 1 1  
.-------------------.--.----------.-.-.-------..-...- 
.-......----.-...-------.---..---------- " Brain II 

.--.-----.-. Brain 1 
K-----.-.-..---------..-.------Q-.I--..~ Skeletal 
L--.-----.-.----------....-.------~--YYYFIIII Head F 
.R--Q-L--E-L --.------..-.-..---- AA-C- --.- SSWWWVVyYII .  Electroplax 

I , ,  

-1 5 0 15 

Test potential (mV) 

Fig. 1. (A) A ~ n i n o  acid sequences of the regions linking doma~ns I11 and IV of Na+ channels. Anino  
acids 1423 to  1475 of the type I11 Na+ channel are aligned with the corresponding regions of other 
knonrn Na+ channels. l'ositions of mutations are indicated in boldface. Lysine residues were changed to 
asparagines, and the arginine at 1461 nras replaced by a glutamate. Abbreviations for the amino acid 
residues are A, Ala; C, Cys; D,  Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, 
Asn; I', Pro; (1, Gln; R, Arg; S, Ser; T,  Thr; V, Val; MT, Trp; and Y, Tpr. (B) Type I11 currents. (C) M 2  
currents. (D) iM4 currents. (E) M 5  currents. (B to E )  Families of nrhole oocyte currents elicited bp 
depolarizing voltage steps from a holding potential of -90 mV to a test potential of -20 mV and in 5- 
mV increments thereafter in oocytes injected nrith type I11 Na+ channel mRNAs. Capacitative and leak 
components of the currents were corrected by subtracting current records in the presence of 100 IM 
tetrodotoxin. Bar, 50 ms; approximate peak current amplitudes are (B) 1250 nA, (C) 500 nA, (D) 600 
nA, and (E) 500 nA. ( F  and G)  Voltage dependence of current decay. (F) The time to 50% decay of the 
whole oocyte currents is plotted as a function of test potential for type I11 Na+ currents and the three 
mutations. Data points are the mean -C S D  for five or siu oocytes from at least niro frogs. 0, Type 111; 
A, mutation iM2; 0, mutation M4; and A, mutation M5.  (G) The fast time constant of current decay 
(7) for type I11 and M 4  currents is plotted as a hnction of test potential. This time constant was more 
heavily weighted for the currents through the mutant channels (for example, 98 * 2% in the mutant 
versus 85 + 3% at test potential 0 mV, mean * SD, 1 1  = 6 oocytes each). 0, Type 111; and 0, mutation 
M4. 

Flg. 2. Consecutive single- A 
channel records (A to C)  
and ensemble average cur- ' / d w  
rents (D to F) at a test po- h f r  
tential of 0 mV from cell- 
attached patches of oocytes 
injected nvith type 111, M4, ~ V T  
and M5 mRNA. Bar. 25 ms dl- 
and 0.5 pA (single-channel fkw 
recordings). The ensemble 
averages were constructed 7 
by pooling normalized aver- 1 
age currents from cell-at D 

- - - - - - - - - . 
cached patches containing 
expressed y p e  I11 ( 5  patch- 
es, 609 traces, 2 4  nulls, 
3414 openings), M 4  (5 
patches, 651 traces, 55  
nulls, 2639 openings), and p Type Ill 
M 5  ( 5  patches, 600 traces, 
202 nulls, 2145 openings) channels. 

activation gate has opened. The 111-IV link- 
er has subsequently been proposed by nu- 
merous groups (1, 2, 5, 7) to act as the 
positively charged ball. We tested this hy- 
pothesis by making point mutations of posi- 
tively charged residues in the 111-IV linker of 
the rat brain type I11 Na' channel and 
measuring Na' currents expressed in 
mRNA-injected Xcnoptis oocytes (8). Con- 
trary to expectations, conversion of two or 
three lysines to asparagines produced faster 
rather than slower inactivation of Na' cur- 
rents. Also unexpected was that the effects of 
removing positive charge were not limited 
to inactivation; conversion of the sole argi- 
nine in the linker to glutamate delayed acti- 
vation. 

Families of whole oocyte Na' currents 
are shown in Fig. 1. These currents, which 
were blocked by tetrodotoxin (100 nM) and 
absent in uninjected oocytes, represent 
expression of type I11 (Fig. 1B) or mutated 
(Fig. 1, C to E) type I11 Na' channel 
mRNAs. Our strategy was to replace contig- 
uous lysines with asparagines, neutralizing 
the positive charges. In mutation M1 we re- 
placed lysines 1426 to 1428 with aspara- 
gines; the resulting mRNA did not express 
measurable Na' current. For mutation M2 
we replaced lysines 1441 and 1442, and for 
mutation M4 we replaced lysu~es 1453, 1454, 
and 1457 with aspwagules. Each of these five 
lysines except the lysine at 1457 is included 
in the peptide used to generate the antibod- 
ies that blocked i~lactivatio~l (4). For muta- 
tion M5 we replaced the arginine (1461) 
with glutamate, producing the sane net 
change in charge (-2) as in nlutation M2. 

The whole oocyte voltage-clamp records 
show that Na' currents expressed after in- 
jection of M2 or M4 mRNAs decayed more 
rapidly. This was observed at all potentials 
(Fig. IF). Current decay was described by a 
sum of tcvo exponentials, and we compared 
the value of the faster time constant (T) as a 
ti~nction of test potential for type I11 and 
M4 currents (Fig. 1G). Not only were the 
values of these faster time constants smaller 
in the M4 currents, but the faster compo- 
nent was also more heavily weighted at all 
test potentials in the M4 currents. These 
fi~ldi~lgs were reproducible with mRNAs 
from two tra~scription reactions injected 
illto at least 20 oocytes from at least five 
frogs. The current-voltage relation ex- 
pressed by type I11 and the M2, M4, and 
M5 mutated type I11 mRNAs lvere similar 
(9), with the largest currents evoked by 
depolarizations betcveen -5 and 5 mV. 
Hence, shifts in the voltage dependence of 
gating are unlikely to be responsible for the 
increased rates of i~lactivation. 

The two-microelectrode voltage clamp 
has a low frequency response (10) and can- 
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All c h a ~ u ~ e l  types had a high proportion 
of very short openings, with durations near 

date for the ball and chain of NaT channel 
inactivation because the 11 Ijaines and 1 

the lilnits of Lesol~&on of the recording 
system. The duration of bursts of openings 
was not limited in this way a ~ d  was analyzed 

arginine might senTe both as targets for 
endopeptidases, which remove inactivation, 
and as channel blockers, because of their 

with a critical cut-off closed time to mark the 
beginnings and ends of bursts (12). A prob- 
ability distribution of burst durations of the 
three kinds of Na' channels is shown in Fig. 

positive charge. This model, in its silllplest 
form, predicts that removing positive 
charges should delay inactivation gating 
without affecting activation gating. In our 

25 50 75 
B Burst duration (ms) 

3A. Each patch contained one to three 
channels. At a test potential of 0 mV, the 
mean burst duration in M 4  and M 5  cham 

experiments the results were the opposite. 
Moreover, the 111-IV linker is not restricted 

Type Ill 

P 

in its effects to  inactivation; relnoval of one 
nels was sign~ficantly shorter than tvpe I11 
(3.17 and 2.27 111s versus 11.4 ms, 
P < 0.02, Kolmogorov-Sm~rr~ov two-sam- 

positive charge slolved activation. This find- 
ing supports the concept of a cytoplasmic 
element that is involved in both activation 

ple test). At least &o sets of oocytes lvere 
ir~jected on  separate occasions in each case. 
Because M 5  channels showed briefer bursts 

and inactivation gating and is consistent 
with other findings in K' chanlnels (17, 18). 
Hence the 111-IV linker has Inore comvlex 

I c 25 50 75 

, i -30 mv 

: ---- 
25 50 75 
First latency (ms) 

effects on Na' charnel gating than previ- but a silnilar rate of macroscopic current 
decay to type 111 channels, we compared 
probability distributions of latencies to  first 
opening, or waiting times (Fig. 3B). The 
distributions for type 111 and single-channel 
M 4  currents were not significantly different 
(Kolmogorov-Smirnov nvo-sample test), 

ously postulated. 
Sodiunl channel gating is sensitive to  the 

presence of positive charges between resi- 
dues 1426-1461 in the 111-IV linker. LJT- 
sines 1426-1428 mav be crucial to  normal 
channel function, as the mutation of all three 

Fig. 3. Kinetic analysis at room temperature and a 
test potential of 0 mV of pooled data. The data set 
is the sane as in Fig. 2. (A) Burst duration 
probability distribution for (0) type 111, (e) M4, 
a i d  (A)  M5 cha~mels. Closed time distributions 
were biesponential (not showp), and a critical 
closed time (12) was used to    den ti@ bursts of 
openings. The critical closed times were similar 
for all hnds  of channels (2.4 to 2.8 ms). (B) 
Waiting time to first opening cumulative distribu- 
tions. Data from multiple patches \Irere corrected 
for the apparent number of channels, estimated 
from the number of  overlapping events at test 
potential 0 mV. and the results pooled. (C) 
Voltage dependence of activation gating in a 
patch with a single M5 channel. This patch was 
one of five used in the pooled data (A and B) 

whereas the lvaiting time of M 5  currents 
was sigrlificantly prolorlged (P < 0.001, 
Kolmogoro\~-Smirnov two-sanple test). 

to  asparagines yielded n o  functional chan- 
nels. We speculate that removal of positive 
charges alters the electrostatic interactions of 

The \v&ing time to first opening as a 
ti~nction of test potential in a patch contain- 
ing a single Na' charnel expressed from M 5  
mRNA is sho\vn in Fig. 3C. Stronger depo- 
larizations caused shorter waiting tilnes and 
fewer null traces, but acti\~ation gating was 

the lir-~ker with other parts of the channel 
protein (19), particularly the nearby posi- 
tively charged S4 seglnents and the con- 
senled negative char&s in the COBH-ter- 
minus of the c h a ~ u ~ e l  protein. Alternatively, 
the 111-IV linker might sen7e as the binding 
site for another blocking area of the mole- 

. - 

slolver than type 111 or M 4  channels at all 
potentials cule, in which case the negatively charged 

glutamate residues at positions 1438 and 
1439 might be pivotal in inactivation gat- 

The kinetics of the single-channel currents 
are consistent with presently favored models 
in which Na' chanrlnels enter a long-lived 
inactivated state in a mainly voltage-inde- 
pendent manner, and activation gating is 
strongly voltage-dependent (13, 14). The 
briefer burst durations of M 4  and M 5  cur- 
rents are consistent with faster entry into the 

ing. 
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Behavioral Effects of Progesterone Associated with 
Rapid Modulation of Oxytocin Receptors 

The ventromedial nuclei of the hypothalamus (VMN) are important for the control of 
feminine mating behavior, and hormone action within these nuclei has been causally 
related to behavior. Estradiol induces receptors for oxytocin in the VMN and in the 
area lateral to these nuclei over the course of 1 to 2 days, and progesterone causes, 
within 30 minutes of its application, a further increase in receptor binding and an 
expansion of the area covered by these receptors lateral to the VMN. The rapid 
progesterone effect appears to be a direct and specific effect of this steroid on the 
receptor or membrane, because it was produced in vitro as well as in vivo and was not 
mimicked by a variety of other steroids. The effect of progesterone occurred in the 
posterior part of the VMN, where oxytocin infusion facilitated feminine mating 
behavior; it did not take place in the anterior part of the VMN, where oxytocin 
infusion had no effect on mating behavior. 

I T IS GENERALLY ACCEPTED THAT STER- 

oid hormones can regulate cellular func- 
tions in the brain and certain behaviors 

by modulating gene expression after binding 
to intracellular receptors (1, 2). Steroid hor- 
mones also rapidly affect the excitability of 
brain cells in vitro or when applied electro- 
phoretically by changing ion conductances, 
the release of neurotransmitters, or the char- 
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acteristics of neurotransmitter receptors (3). 
These rapid hormone effects can be ob- 
served in brain regions such as the cerebel- 
lum and the cortex that contain no measur- 
able intracellular steroid receptors (4). The 
physiological significance of these obsenia- 
tions remains uncertain (5 )  because no rapid 
membrane effects of steroids have been caus- 
ally related to the activation of a behavioral 
response. We now show the modulation of 
estrogen (E)-induced oxytocin receptors by 
progesterone (P), a rapid steroid effect that 
appears to be involved in the facilitation of a 
complex behavior, feminine mating (lordo- 
sis) behavior in the rat ( 6 ) .  

Progesterone induces an expansion of the 
area covered by oxytocin receptors in the 

ventromedial hypothalamus of female rats 
primed with E (7). This spread of oxytocin 
binding occupies the area lateral to the 
VMN, which contains oxytocin-immunore- 
active fibers and the long dendrites and 
axons of VMN neurons (7, 8 ) .  Oxytocin 
infused into the area lateral to the VMN 
facilitates lordosis behavior only in female 
rats primed sequentially with E and P and 
not in females treated with E alone (7). This 
behavioral effect can be blocked by a specific 
antagonist of oxytocin (9). We have kxam- 
ined this modulation of oxytocin receptor 
binding by P and its relation to lordosis 
behavior. 

Oxytocin receptor binding to brain sec- 
tions was quantified by in vitro receptor 
autoradiography (10). Iodinated [ ~ ( C H Z ) ~ ,  
T y r ( ~ e ) * ,  Thr4, T ~ ~ - N H * ~ ]  ornithine vaso- 
tocin analog ( [ ' 2 5 ~ ] O ~ T A )  was used as a 
ligand for the central oxytocin receptor be- 
cause of its high specificity, affinity (KD,  50 
pM), and specific activity (2200 Cilmmol) 
(11). Initially, we examined the regional 
distribution o f  oxytocin receptor binding 
within the ventromedial hypothalamus and 
changes in this binding induced by P in 
ovariectomized (OVX) and adrenalecto- 
mized (ADX) female rats primed with estra- 
diol benzoate (EB). Brains of EB-primed 
females were sampled for oxytocin receptor 
autoradiography at different times after the 
injection of vehicle (EB only) or P (EB + P) 
(12). In the anterior part of the ventromedial 
hypothalamus, oxytocin receptor binding 
was limited to the cell body region of the 
VMN and was not affected by P treatment 
(Figs. 1 and 2). In the posterior ventromedi- 
a1 hypothalamus of EB-primed females, oxy- 
tocin receptor binding occurred in the ven- 
trolateral parts of the VMN but also extend- 
ed into thk area lateral to the nuclei (Fig. 1). 
In the posterior VMN, P treatment only 
slightly increased the oxytocin receptor 
binding in the cell body region (5 to 8%), 
but it increased oxytocin receptor binding 
by more than 25% in the surrounding neur- 
opil (Figs. 1 and 2). This increase in binding 
density was accompanied by an expansion of 
the area covered by oxytocin receptors. This 
effect of P could be observed within 30 min 
and it lasted for at least 8 hours (Fig. 2). 

Because P increases the synthesis of new 
proteins in the VMN (2, 13), we determined 
whether the increase in oxytocin receptor 
binding produced by P involves the rapid 
synthesis of new receptors (14). We tried to 
block the effects of P with the protein 
synthesis inhibitor anisomycin. ~ i f tedn min- 
utes before injecting 0.5 mg of P or vehicle, 
EB-primed females were injected with saline 
or with 100 mg of anisornycin per kilogram 
of body weight in saline (15). This amount 
of anisomycin inhibits cerebral protein syn- 
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