
cut 1 ) ~ m  thick, stained with methylene blue and unpublished data). Thus, L-Cys is ten times more (J.W.O.), Physician Scientist Award MH 00630 
azure 11, and evaluated by light microscopy. To potent than BMAA in this preparation. (C.F.Z.) and Klingenstein Fellowship (C.F.Z.). 
establish whether a neuroprotective effect was 22. Supported in part by H D  24237, DA 05072, and 
achieved, the tissue was evaluated by a rater who was NIMH Research Scientist Award MH 38894 5 October 1989; accepted 8 March 1990 
blind to the experimental conditions. At least six 
retinal segments were examined for each experimen- 
tal condition and these were matched with at least 
six concurrent controls. In the standard assay, an 
agonist was used at a k e d  concentration (previously K+ Current Diversity 1s Produced by an Extended 
established in concentration-response studies as a 
threshold concentration that reproducibly causes a Gene Family Conserved in Dvosoghila and Mouse 
fully developed retinal lesion in 30 min: Glu, 1 mM; 
NMDA, 8 0 ~ ~ :  Quis, 15 LLM; or KA, 25 wM), and 
excitatory amino acid antagonists were added to 
assess their ability to block the excitotoxic action of a AGuAN WE1, CovARRuBLAs, BuTLER, K E I ~ H  B A m ~ ,  
given agonist. ~ l though  agents that are effective in MICHAEL PAK, LAWRENCE SALKOFF 
antagonizing excitotoxic phenomena usually induce 
a partial blockade at concentrations lower than the 
thieshold for total blockade, we used the concentra- The Drosophila Shaker gene on the X chromosome has three sister genes, Shal, Shab, 
tion that totally prevented toxic activity for purposes 
of rating antagonist potency, To determine whether and Shaw, which map to the second and third chromosomes. This extended gene 
a given antagonist blocks an agonist toxic action by a family encodes voltage-gated potassium channels with widely varying kinetics (rate of 

mechanism, we increased the cOncenua- macroscopic current activation and inactivation) and voltage sensitivity of steady-state 
tion of agonist (for example, NMDA or L-Cys) in 
graduated steps and determined what concentration inactivation. The differences in the currents of the various gene products are greater 
of antagonist was required to maintain a full block- than the differences produced by alternative splicing of the Shaker gene. In Drosophila, 
ade at each step. 

7. J. C. Watkins and R. H .  Evans, Annu .  Rev. Phama-  
the transient (A curient) subtype of the pota~sium-channel (shake-r and Shal) and the 

C O ~ .  Toxicol. 21, 165 (1981). delayed-rectifier subtype (Shab and Shaw) are encoded by homologous genes, and there 
8. J. W. Johnson and P. Ascher, Nature 325, 529 is more than one gene for each subtype of channel. Homologs of Shaker, Shal, Shab, 

(1987); J. A. Kemp et al., Proc. Natl.  Acad. Sci. 
U . S . A .  85, 6547 (1988). and Shaw are present in mammals; each Drosophila potassium-channel gene may be 

9. D. Lodge and N. A. Anis, Eur. J .  Phamacol. 77,203 represented as a multigene subfamily in mammals. 
(1982); J. A. Kemp, A. C. Foster, E. H. F. Wong, 
Trends Neurosci. 10, 294 (1987). 

10. T. Honor6 et a/. ,  Science 241, 701 (1988); M. T. D OTASSIUM CHANNEL DIVERSITY IN tion at residue 489 of Shal2 (Fig. 1A). In 
Price et a/. ,  SOL.  Neurosci. Abstr. 14, 418 (1988). Drosoahila mav result from an extend- Shall the COOH-terminal residue from 

11. M. ~riedman, m he chemistry and Biochemistry 0 1 t h ~  1 ,d fmiy coding for homolo- Shal2 ( M ~ ~ ~ ~ ~ )  is absent and 116 amino Sulfnydryl Group in Amino Acids, Peptides and Proteins 
(Pergamon Press, ~ e w  York, 1973), p. 27. gous proteins since the Drosophila Shaker acids are added (6 ) .  The highly conserved 

12. The ability of increasing   on cent rations of Zn2+ to gene (1) has three sister genes (2). The regions of the deduced peptides include the 
block toxicity produced by increasing concentra- 
tions of L-Cys supports this interpretation since peptides encoded by the extended gene fam- hydrophobic domains, S1 through S6, 
Zn2+ does not block toxicity mediated through ~ u i s  ily Shaker, Shal, Shab, and Shaw share a which may be membrane-spanning struc- 
receptors. Therefore, the ability of Zn2+ to Prevent conserved organization suggestive of com- tures (1, 3). One or more possible N-linked 
increasing concentrations of L-Cys from inducing a 
Quis.type lesion implies that it formed complexes mon function (2). We now report that, like glycosylation sites, indicated by the consen- 
with L-Cys, thereby inactivating the L-Cys molecule. Shaker, the Shal, Shab, and Shaw gene prod- sus sequence Asn-X-SerIThr (7) ,  are present 

13. J. W. Olney> M. T. Price,J. Labmyere, *published ucts each expresses a K+ current in the between S1 and S2 in Shaker, Shab, and 
data. In the chick embryo retina, kynurenic acid is a 
broad specuum antagonist that blocks the Xenopus oocyte system. Although the cur- Shaw, but not in Shal. The deduced pep- 
toxic action of NMDA, Q i s ,  or KA but is signifi- rents share general features (voltage-gating tides for Shal2 of 490 amino acids (56 kD) 
candy more potent against NMDA (6). We have 
observed that 7-CK is approximately nvo times and K: selectivity), they differ greatly in and Shaw2 of 498 amino acids (56.5 kD) 
more potent than kynurenic acid in protecting reti- then knetic and voltage-sensitive proper- are somewhat smaller than Shaker, which 
nal neurons against either NMDA, KA, or Quis ties. average 71 kD. The deduced Shab peptide is 
neurotoxicity. Consistent with electrophysiological 
evidence (8) suggesting that 7 . ~ K  blocks N M ~ A  Because of its resemblance to one of the the largest with 924 amino acids (100 kD). 
responses by an action at the glycine site, we have four homologous domains of the Na+ (3) This size difference results from length varia- 
found that the antagonism NMDA neurotoxicity and CaZt channels (4) ,  the Shaker holopro- tion in the domains at the NH2- and 
by 7-CK is reversible by adding glycine, and that 7- 
CK also blocks L - ~ y s  neurotoxicity by a glycine- tein is presumed to be a homotetramer (5) .  COOH-termini, both of which are pre- 
reversible mechanism. Like the peptide encoded by Shaker, the sumed to b e  cytoplasmic. The conserved 

14. J. H. Weiss and D. W. Choi, Science 241, 973 
(1988). peptides encoded by Shal, Shah, and Shaw core of Shaker, Shal, Shab, and Shaw en- 

15. L. 0 .  Trussell, L. L. Thio, C. F. Zorumski, G. D. each form functional K+ channels in Xeno- compassing the membrane-spanning por- 
Fischbach, Proc. Atad. Sci. U . S . A .  85, 2834 pus oocytes, all potentially function as ho- tions S1 through S6 averages about 240 
(1988); C. E. Jahr and C. F. Stevens, Nature 325, 
522 (1987). momultimers in vivo. residues and varies little among the subfarni- 

16. S. I. Rapport,  Blood-Brain Banier in Physiology and We have isolated cDNAs for two alterna- ly members. A painvise comparison of ho- 
Medicine (Raven Press, New York, 1976). 

17. H .  Benveniste, J. Drejer, A. Schousboe, N. M. 
tively spliced mRNAs transcribed from Shal mology for the entire conserved region 

Diemer, J .  Neurochem. 43, 1369 (1984). that encode the protein products Shall and (Shal residues 45 to 409) shows a degree of 
18. J. W. McDonald, F. S. Silverstein, M. V. Johnston, Shal2 (2). The deduced amino acid sequence identity ranging from 38 to 42% among all 

Brain Res. 459, 200 (1988); C. Ikonomidou et a / . ,  
J ,  Neurosci, 9, 1693 (1989); C, Ikonomidou a l , ,  of Shal2 is compared to that of the con- four predicted peptide sequences (Fig. 1A). 
ibid.. D. 2809: T.  W. Olnev. C. Ikonomidou. 1. L. served ~or t ions  of Shaker. Shab, and Shaw Each member of the Drosophila gene fam- 

, t . . - " 
Mosinger, G. ~rierdich, ibib:, p. 1701. CDNA~' (Fig. 1A). Shall has a splice junc- ily, Shaker, Shal, Shah, and Shaw, has one or 

19. P. S. Spencer et al. ,  Science 237, 517 (1987). 
20. M. T. Heafield et a/. ,  Neurosci Lett. 110, 216 (1990). more mammalian homologs, and thus, de- 
21. In the chick embryo retina, BMAA is not toxic in the fines a subfamily for each member. A com- 

absence of bicarbonate but becomes a weak toxin in wei, M, Covarrubias, A, Butler, K, ~ a k ~ ~ ,  M, Pak, 
the presence of physiologic concentrations of bicar- D~~~~~~ of hatomy and ~ ~ ~ ~ ~ b i ~ l ~ ~ , ,  washing. 

parison of each fly K+-channel protein to a 
bonate. The thresholds of BMAA and L-Cys for ton university ~ ~ h ~ ~ l  of M ~ ~ ~ ~ ~ ~ ,  St. Louis, MO homolog from mouse brain is shown in Fig. 
expressing excitotoxicity in the chick retina in the 63110. 1B. The mammalian homologs of the Shaker 
presence of physiologic concentrations of bicarbon- L, Salk06 Deparunent of Anatomy and Neurobiology 
ate are approximately 3 mM and 300 K M ,  respec- and Department of Genetics, Washington University protein (8)  are more "Iated to the 
t i d y  (G. R. Stewart, J. W. Obey, M. T .  Price, Schoolof Medicine, St. Louis, MO 63110. Drosophila Shaker protein (about 76% iden- 
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tity through the conserved core) than to the homology to only one of the Dvosophila Dvosophila Shal homologs have only 61% 
other Dvosophila K+ channels coded by Shal, proteins. The 36-amino acid region in Fig. identity in the area shown in Fig. lB, but 
Shab, and Shaw (about 38% identity). A 1B includes a domain where the proteins other areas have higher interspecies homolo- 
similar relation exists for the mammalian from all four subfamilies are identical (Shal gy; the Shal homologs are identical in a large 
homologs of Shab (9, lo), Shaw (10, II) ,  residues 82 to 87) (Fig. lA), but includes area surrounding the S4 region (Shal resi- 
and Shal (10); each has significantly higher areas unique to each subfamily. Mouse and dues 282 to 327) (Fig. 1A). It thus appears 

that the four subfamilies of K+ channels 
evolved many of their individual structural 

MASVAAWLPFARAAAIGWVPIATHPLPPPPMPKDRRK Shal 37 features before the separation of vertebrate 

T D D E K L I . I N V S C R R F & T W R N S L X ~ Y P U T  E L G S N E B E F  
F C E R V V I N V S G L B F E T Q L B T L N Q F P D T  L L G D P b R R Z R  

w R V V L N V C G I R B & T Y K A T L K P I D A ' P ~ L S R L T E A  L A  
V V S R V  S I l V G G V B B K V L W B 4 : 2 g R L 1 ? Z t ' P D X . G B L G B C T T H E A I V E L  

and invertebrate species. 
For expression of the Dvosophila K+-chan- 

nel genes in Xenopus oocytes, the Sha- 
kerH37 (12), Shal2, Shabll ,  and Shaw2 (2) 
cDNA clones were transcribed in vitro, and 
cRNA transcripts were injected into oocytes 
(13). Current records for each expressed 
gene product, Shaker, Shal, Shab, and 
Shaw, are shown in Fig. 2, A to D. In each 
case the membrane was held at -90 mV, 
and depolarizing voltage-clamp step pulses 
were applied in 10-mV increments until a 
value of +20 mV was reached. The data for 
Shaker and Shal were recorded at 11°C so as 
to resolve the peaks of these more rapid 
currents (Fig. 2, A and B). Shab and Shaw 

Shal 74 
Shak 101 
Shaw 44 
Shab 318 

Shal 116 
Shak 144 
Shaw 86 
Shab 360 

& & t; A F F l? I M P D V f G D CFlEDXRDRKRENA EBLMDD RISE24 BDQNWLTNMR 
E K I K B Y E L G D Q A Z N  KFREDECFIKEEERP1.I'I)NEKQK 
E E L E F w a L D s N Q v K P CCWMTYTQIIKD'~QETLAVLDRLDIDTE~PSEEEL~KKPGI~EI:.I)YYK(~I'ISY 
D D E. K Y V G V D E L Y L E S CCQIIKYIIQEXE NV1II~IiYRK~KSlRQRDEEEFGE(;KI~S~Y 

Shal 168 
Shak 181 
Shaw 152 
Shab 415 

Shal 207 
Shak 219 
Shaw 196 
Shab 456 

* * x currents were recorded at room temperature 
PCG HRPGRA G1LPCGERYKIV ]P F C L D 9: A p V M I P T A E Y L L R L F & A k' Shal 252 
FEFKBYKV~TTT RCTKIEEDEVPDITDP F F L t E T L c t: I w F T F E L T v R F L A c F shak 272 to show the slow rates of activation and 
PDMRVPIYRLJITVKTAblC4SNGWFIBKTQTNAHIAB B Y X E C V O N A W F T P K I L V R P I $ S %' Shaw 254 current decay (Fig. 2, C and D). 
W m I D  BCTPQDNPQ L A M V E A V G I T W F T 1 , E Y  I L R F S S S f  Shab 496 
I s2 I T o  compare relative rates of current acti- 

vation, we measured the rise time to 95% of * 
~ R C ~ F V E S V ~ I S I I D V V A ~ M P Y P Z G L G I T D N D D V S G A F  shal 289 maximum current for voltage-step pulses to 
8 K L N R C R D V I # V X D I I B I I P X f X T L A T V V AEEEDTMLPKAPVSPQDKSSNQAMSLAIL 
R f U E F I K 8 S V N I I D Y I & T i S F P I D L V L Q R F A S H L E E I A  

0 mV from a holding potential of -90 mV 
D I t W K P F K G G L N I I D L L A I L p X B V S L F L L E T N K N A T & F Q  Shah 529 (Table 1). Shaker and Shd have fast rise 

hmes (11 ms and 25 ms, respectively, at 
23°C) relative to Shab (176 ms) and Shaw 

V T L R V F R V F R I  P K F S R H S Q G L K I L C Y T L K S C A S B L  
F K L S R H S K G L Q I L G R T L K A S H R E L  

L B K V T R H S S G L K I L T Q T F R A S A K ~ L  
U V B R V V Q V F R I M R I L R V L K L A R H S T C L Q S L G F T L R N S Y K E L  

Shal 324 
Shak 366 
Shaw 329 
Shab 570 Fig. 1. (A) Sequence of the Dvosophila extended 

gene family of Ki'-channel cDNAs. The deduced 
amino acid sequence for Shal2 is compared to that 
of the conserved portions of ShakerH37 (II) ,  
Shaw2 (2), and Shabll  (2). Two or more identi- 
cal residues in the same corresponding position 
are shaded. Proposed membrane-spanning re- 
gions are underlined and designated S1 to S6. 
Asterisks indicate conserved residues present in 
most voltage-gated channels including the Na+ 
(3) and Ca (4) channels. The single letter amino 
acid code is A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, 
Thr; V, Val; W, Trp; Y, Tyr; and U, Stop. 
Sequencing of both strands of the Shal2 cDNA 
was achieved with M13 single-strand cloning 
vectors mp18 and mp19. A series of overlapping 
deletions in single-stranded DNA were construct- 

* * 
C Y L V F S L A M A I I I F A T V M F Y A E K N V N G  T N P T S I P A A F Y Y  
G L L I P F L Y l C V V l . P S S A V Y F A E A G S E V  S F B K S I P D A I P W  
T L L V F F L V L C I V I F A S L V Y Y A E R I Q P R P H N D P N S f P L G L W U  
G L L H I , P L A ~ G V L I F S S L A Y F A E K D E K D  T K F V S X B E A P W B  

Shal 363 
Shak 405 
Shaw 370 
Shab 609 

Shal 404 
Shak 446 
Shaw 411 
Shab 650 

Shal 464 
Shak 468 
Shaw 433 
Shab 672 

shal 490 ed with the sGg1e-strand exonuclease activity of 
T4 polymerase (IBI Cyclone Kit). Synthetic prim- 
ers were also used. (B) K+-channel subfamilies 

are conserved between Dvosophila (fShak, fShab, fShaw, and fShal) and mouse brain 
(mShak, mShab, mShaw, and mShal); mShak is MBKl from Tempel et al. (8). The 
36-residue area shown begins with Shal residue 81  (A). Residues present with two 
or more peptides are shaded; similar groups of residues in different subfamily 
peptides are bridged by shading. The alignment in this figure is without gaps to 
show interspecies length conservation in each subfamily. Conserved groups of 
residues are present within this region that are common to all four subfamilies 
(universal), unique to each subfamily (distinct), or common to Shab, Shaw, and 
Shal, but absent in Shaker (Shab-Shaw-Shal). The percent identity in this region for 
interspecies subfamily homologs is Shaker, 94%; Shab, 72%; Shaw, 83%; and Shal, 
61%. 

I l  1 I u 
Universal Distinct Shab-Shaw-Shal Distinct 
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(102 ms). 
The Shaker current has a rapid time- 

dependent current decay that was fitted by a 
single exponential with a time constant of 
238 ms at +20 mV (11°C). The Shal cur- 
rent decay was slower and was better fitted 
by the sum of two exponentials, the faster 
component having a time constant of 480 
ms. Shab and some Shaw currents decayed 
very slowly with time constants of several 
seconds. For Shaker and Shal, the rate of 
current decay varied little among different 
injected oocytes. For Shab and Shaw, how- 
ever, the rate of current decay was variable, 
but always much slower than that of Shal. 
However, whereas all Shab currents showed 
an obvious current decay during a long (10- 
s) pulse, most Shaw currents showed none. 

We measured the current-voltage rela- 
tions for these channels (Fig. 2, E to H ) .  
Shaker, Shal, and Shab currents have a steep 
current-voltage relation, and all three appear 
to activate sharply between -50 and -40 
mV. In contrast, in all of the oocytes show- 
ing Shaw expression (Table l ) ,  the current 

activated more gradually beginning at - 70 
mV. Thus, the voltage sensitivity (14, 15) of 
Shaw seems distinct from the other three 
channels. 

All voltage-gated channels that belong to 
the supergene family, including Na+ and 
Ca2+ channels and the Shaker extended fam- 
ily of K+ channels, have a string of positive 
charges in the S4 region that may be the 
voltage sensor of the channel. The positive 
charges are in the configuration + 00, where 
+ signifies a positively charged residue and 
0 signifies a neutral residue. Site-directed 
mutations that alter these charges in the 
Na+ channel affect gating in a manner sug- 
gesting that these charges are, indeed, the 
voltage sensor (16). Whereas the Shaker 
protein has seven charges in the string, the 
Shaw protein has only four positive charges 
in an uninterrupted + 00 string. In addition, 
two of the omitted charges have been re- 
placed with negative charges; aspartic acid 
and glutamic acid (Fig. lA, circled Shaw 
residues 292 and 295 in the S4 region) are 
at positions where these charges might sense 

0.42 - F 
0.35 . Shal 

I 
0.28 . 

0.21 

0.14 . 

0.07 

0.00 - - - 
-0.07 

-80 -40 0 40 

Shab 

0.55 

0.37 

0.19 

-0.19 --t- 

-80 4 0  0 40 -80 -40 0 40 

Voltage (mV) 

Flg. 2. Expression of K* currents in Xenopus oocytes injected with ShakerH37 (Shaker), Shal2 (Shal), 
Shabll (Shab), and Shaw2 (Shaw) cRNAs. (A to D) Outward currents recorded in response to 1-s 
voltage-step depolarizations ranging between -80 and +20 mV in 10-mV steps from a holding 
potential of -90 mV. For clarity, the capacitative currents were deleted. Records were leak subtracted 
assuming a linear leak current. (E to H) The corresponding peak current-voltage relations are shown for 
(E) Shaker (A), (F) Shal (O), (G) Shab (O), and (H) Shaw (m). The Shaker, Shal, and Shab currents 
turn on abruptly at about -50 mV, whereas the Shaw current has a more gradual response to voltage. 

the transmembrane electric field. 
The voltage sensitivity of steady-state in- 

activation is one of the parameters that 
define the voltage range in which a channel 
may be active (14, 15). This property is 
invariant among all alternative Shaker forms 
(12). However, it differs substantially 
among Shal, Shab, and Shaw. Shal channels 
have the most hyperpolarized steady-state 
inactivation curve with a midpoint at -62 
mV (Fig. 3A), and thus more closely resem- 
ble the transient K+ channels characterized 
in neurons of other systems (17). In addi- 
tion, the slope of the steady-state inactiva- 
tion curve for Shal is shallow relative to that 
of the other currents (Table 1). The steady- 
state inactivation curves for Shab (midpoint, 
-50 mV) (Fig. 3A) and Shaker (midpoint, 
-49 mV) (Fig. 3A) are comparable, al- 
though Shaker has a steeper slope than the 
other channels. The typical Shaw current 
displays no steady-statd inactivation. 

As expected for K+-selective channels, 
Shaker, Shal, and Shab currents have rever- 
sal potentials close to the calculated K+ 
equilibrium potential (-80 mV in 2 mM 
extracellular K+).  In contrast, the Shaw 
reversal potential is more depolarized, ap- 
proximately -60 mV. In ion substitution 
experiments, the three channels, Shaker, 
Shal, and Shab, seem to have comparable 
K+ selectivity as indicated by the similar 
slopes of the curves in Fig. 3B, whereas the 
more shallow slope for Shaw indicates less 
K+ selectivity. 

The Shaker current is inhibited by 4- 
aminopyridine (4-AP) (12). Shal peak cur- 
rent was inhibited 31 +- 9% (mean 2 SD; 
n = 3) by 1 to 2 mM 4-AP and 2 t 4% 
(n = 4) by 10 rnM tetraethylammonium 
chloride (TEA). The Shab current, on the 
other hand, was less inhibited by 4-AP 
(6 * 4%; n = 3), but more by TEA 
(50 * 5%; n = 3), consistent with the phar- 
macology of other delayed rectifier subtypes 
of K+ channels (13). In contrast to Shab, the 
Shaw current, which also resembles a de- 
layed rectifier in its activation and decay 
properties, has the reverse sensitivities; it is 
more inhibited by 4-AP (80 2 6%, n = 3) 
than TEA (8 +- 1%, n = 2). 

The finding that the Shal, Shab, or Shaw 
products alone, like the Shaker product, can 
form voltage-gated K+ channels suggests 
that voltage-gated K+ channels can function 
as homomultimers. Thus, gene duplication 
may be a major mechanism of generating 
diversity for K+ channels, as it appears to be 
for other important proteins. Shal plus Shab 
and Shal ~ l u s  Shaw do not seem to form 
hybrid channels when coexpressed in Xeno- 
pus oocytes, suggesting that they are inde- 
pendent channel systems (10). 

Several of the mammalian homologs of 
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Table 1. Electrophysiological parameters of Shaker, Shal, Shab, and Shaw K+ channels expressed in oocytes. Peak currents are given as median values and 
range. Rise times are given for the current evoked by a voltage-clamp step pulse to 0 mV from a holding potential of - 9 0 mV. Shal inactivation curves were 
best fit by the sum of two expotentials. Only the fast component is shown. The fastest inactivation observed had time constants greater than several seconds. 
The number of experiments is shown in parentheses; error limits are ±SD. 

Gene 

ShakerH37 

Shal 

Shab 

Shaw 

Peak current 
at 20 mV (nA) 

range 

706 (8) 
501-1357 
666 (12) 
233-1078 

850 (7) 
340-1540 

702 (19) 
231-1170 

Activation 

- 5 0 to - 4 0 
(9) 

- 5 0 to - 4 0 
(15) 

- 5 0 to - 4 0 
(7) 

- 8 0 to - 7 0 
(19) 

Rise time 
(ms) to 95% 

current 

31 ± 7 (8)* 
11(1) 

124 ± 25 (5) * 
26 ± 4 (11) 

176 ± 77 (9) 

102 ± 30 (7) 

T Of 
inactivation 

at 20 mV* (ms) 

238 ± 63 
(8) 

480 ± 180 
(4) 

Very slow 

None 

Steady-state 
inactivation 

Vv2 (mV) 

- 4 9 ± 2 (7) 

- 6 2 ± 1 (4) 

- 5 0 ± 3 (4) 

None 

Slope 
factor 

(mV/e-fold) 

3.5 ± 0.3 (7) 

7.3 ± 0.9 (4) 

6.8 ± 0.9 (4) 

K+ 

selectivityt 

50(1) 

47(2) 

53 (2) 

33(4) 

*11°C; other experiments are at 23C°. t Refers to change in reversal potential in millivolts for a tenfold change in extracellular K+ concentration. 

0.800 

0.400-

0.000-

A g. 
6 QL-&-- ^ A - ^ ^ 

i ^ ^ - a - f - * -
-100 -80 -60 -40 

Voltage (mV) 
-20 100 

K% (ITIM) 

Fig. 3. Comparison of (A) steady-state inactivation and (B) reversal potentials for channels coded by 
Shaker (A), Shal ( • ) , Shab (O), and Shaw ( • ) . Steady-state inactivation of Shaker, Shal, and Shab was 
fit by a single Boltzmann equation. Peak currents were measured by a test pulse to +20 mV after a 10-s 
prepulse. Prepulses were applied from - 9 0 to - 1 0 mV in increments of 5 mV. In the 20-s interval 
between voltage pulses the membrane was returned to - 9 0 mV. The Shaker current had to be held at 
- 1 2 0 mV for part of this interval to fully recover from inactivation. The solid lines are the best fits to a 
single Boltzmann function: IpIIpmax = 1/(1 + exp(Km - Vu2)la), where Ipmax is the maximum peak 
current, Ip is the peak current at a given Vm, a is the slope factor, and Vm is the voltage at which half of 
the channels become inactivated. The Shal current is the most hyperpolarized (—60 mV), whereas Shab 
and Shaker currents are intermediate ( - 4 5 to - 5 0 mV). The Shaker current has the steepest voltage 
dependence. The Shaw current showed no inactivation in these experiments. The data points for Shaw 
more negative than —50 mV have been omitted to avoid obscuring the data points for the other 
currents. (B) The reversal potentials of tail currents. The curves for Shaker, Shal, and Shab currents 
approximate the theoretical Nernst relationship as expected for a channel selectively permeable to K+ 

ions. The more shallow curve for the Shaw current suggests less selectivity (slopes estimated by linear 
least-square regression analysis of the data): Shaker, 50 mV per tenfold change in extracellular K+ 

concentration; Shal, 47 mV; Shab, 53 mV; and Shaw, 33 mV. When the extracellular K+ concentration 
was changed, the concentration of Na+ ion was correspondingly changed, so that the extracellular 
concentration of monovalent cations was constant. 

the Drosophila K+ -channel subfamilies have 
been expressed (8-11). The channels coded 
by the mammalian and Drosophila Shaker 
genes are similar in having rapid current 
activation. However , the mammalian cur
rents have a much slower rate of current 
inactivation than the Drosophila current. In 
this aspect they resemble the delayed rectifi
er type of K + channel, rather than the 
transient A current type (17). Even R C K 4 , 
the fastest inactivating mammalian Shaker 
homolog (8), inactivates at a slower rate 
than the Drosophila Shaker A current (1). The 
mammalian brain and Drosophila Shab cur
rents are similar in having both a slow rate 
of current rise and a slow rate of current 
decay (9, 10). The mammalian Shaw current 

also resembles a delayed rectifier type of K + 

channel (11). Thus , a rapidly inactivating A 
current (17) has not been observed from 
expression of a mammalian clone from 
brain. The mouse brain Shal homolog (10) 
has not yet been expressed. 

Extensive alternative splicing of the pri
mary gene transcript, like that observed at 
the Shaker locus in Drosophila, has not been 
observed in mammals for any K + channel. 
Instead, gene duplication has occurred with
in the mammalian Shaker subfamily, possibly 
as an alternative mechanism for producing 
variation. There are at least five Shaker sub
family genes (8) and three Shaw subfamily 
genes (10, 11). It is possible that gene 
duplication within a K+ -channel subfamily 

has been a recent event in vertebrate evolu
tion and, thus, different numbers of Shaker, 
Shal, Shab, and Shaw subfamily genes may 
be found in different species. 
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Human Cortical Neuronal Cell Line: Establishment 
from a Patient with Unilateral Megalencephaly 

A cell line has been established in continuous culture of human cerebral cortical 
neurons obtained from a patient with unilateral megalencephaly, a disorder associated 
with continued proliferation of immature neuronal cells. When differentiated in the 
presence of nerve growth factor, 1-isobutyl-3-methykanthine, and dibutyryl adeno- 
sine 3',Sr-monophosphate (CAMP), the cells display mature neuronal morphology 
with numerous long, extensively branched processes with spines and varicosities. The 
cells stain positively for neurofilament protein and neuron-specific enolase (selective 
neuronal markers) but are negative for glial markers, such as glial fibrillary acidic 
protein, S-100, and myelin basic protein. The cells also stain positively for the 
neurotransmitters 7-aminobutyric acid (GABA), glutamate, somatostatin, cholecysto- 
kinin-8, and vasoactive intestinal polypeptide. These cells may facilitate characteriza- 
tion of neurons in the human central nervous system. 

T HE GREAT HETEROGENEITY OF THE 

central nervous system (CNS) has 
precluded extensive molecular char- 

acterization of individual types of CNS neu- 
rons, which might be overcome through the 
use of continuous cultures. Techniques pre- 
viously utilized to establish cell lines can 
have limitations. Primary cultures are het- 
erogeneous and have limited life-spans, 
whereas cell lines derived from malignant 
tumors and somatic cell hybrids may differ 
from the mature neuronal phenotype. Here 
we have utilized cerebral cortical tissue from 
a patient with unilateral megalencephaly, a 
low-grade proliferation and migration disor- 
der of neurons, to establish a human cortical 
neuronal cell line. 

We obtained cerebral cortical tissue from 
an 18-month-old female undergoing hemi- - - 
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spherectomy for intractable seizures (1). 
Dissociated cells from gray matter were im- 
mediately plated in medium containing se- 
rum. After 21 days all cells had died except 
for two small foci of growth, which were 
cloned and designated HCN- 1 and HCN-4. 
These cells havLbeen passaged more than 20 
times in the course of 19 months with no 
significant changes in morphology or 
growth characteristics (2) .  

Although both of these cell lines originat- 
ed from small foci of growth in culture, to 
ensure clonalitv we subcloned them: one of 
these attempts yielded a subclone from 
HCN- 1 cells, designated HCN- 1A. Both 
the parental and subcloned line have identi- 
cal growth and staining characteristics, and 
therefore all further comments are restricted 
to the HCN-1A cell line. HCN-1A cells 
appeared epithelioid (Fig. 1, A and B) and 
rarely extended short processes (Fig. 1B). 
Cells grew to coduence but were contact- 
inhibited beyond this density. Doubling 
time was approximately 72 hours. Karyo- 
type analysis demonstrated a chromosomal 
number of 46 2 2 (3). 

We examined the influence of various 
agents on the growth and morphology of 
HCN-1A cells. Nerve growth factor (NGF), 
insulin, dexamethasone, the phorbol ester 

Fig. 1. (A and B) Morphology of undifferentiated 
HCN-1A cells ( lo) ,  which appear polygonal with 
only occasional short processes (B). Magnifica- 
tion ~ 4 0 0 .  

Flg. 2. Morphology of differentiated HCN-1A 
cells (4). Whereas undifferentiated cells were flat 
and polygonal, differentiated cells demonstrated 
multipolar (A) or bipolar (8 )  morphologies. All 
cells had spines and varicosities along their pro- 
cesses. 

12-0-tetradecanoyl phorbol-13-acetate 
(TPA), ascorbic acid, dibutyryl CAMP, 1- 
isobutyl-%-methyl xanthine (IBMX), and re- 
tinoic acid were examined alone and in 
various combinations. The most mature 
morphology, with considerably slowed 
growth (a doubling time of 120 hours), 
occurred in cells grown with a mixture of 
IBMX, NGF, and dibutyryl CAMP (4). The 
undifferentiated HCN-1A cells were gener- 
ally flat and polygonal with occasional short, 
unbranched processes. By contrast, the dif- 
ferentiated cells displayed round cell bodies 
with numerous, long and extensively 
branched processes with spines and varicosi- 
ties. The differentiated cells were either bi- 
polar or multipolar (Fig. 2). One hundred 
percent of cells differentiated over a 3-day 
period. Withdrawal of the differentiating 
agents caused retraction of processes, but 
cellular division remained slow with a dou- 
bling time of more than 120 hours. 

To further characterize the cells, we 
stained them with antibodies to neurofila- 
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