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iawn of 2 hours. Average light intensity at canopy (1
nfrom lights) was 294 um s~ m~2. Pot volume was
0.4 m3; the initial soil, 0.1 m3 of gravel, was topped
with 0.3 m® of 40:60 sand-Surrey loam mix (41.61
ppm nitrogen, 17.63 ppm phosphorus, 12.45 ppm
potassium). Temperature varied smoothly between a
maximum of 20°C during the day and a minimum of
12°C at night. Relative humidity varied smoothly be-
tween a maximum of 70% after watering and a min-
imum of 58%.

. Following the “moderate” Intergovernmental Panel

for Climate Change scenario for 2060 [J. T. Hough-
ton et al., Eds., Climate Change 1995. The Science
of Climate Change (Cambridge Univ. Press, Cam-
bridge, 1996)].

The experimental chambers were in two banks of
eight (all statistical analyses have n = 8 for each
treatment). The design of the Ecotron is such that the
eight chambers in one bank are not statistically inde-
pendent replicates. However, because each cham-
ber receives air from only the air-handling unit asso-
ciated with that bank and is physically sealed and
separated from adjacent chambers in the bank, the
chambers are effectively independent. So that we
could be certain that CO, effects were not con-
founded by unexpected bank effects, the main ex-
periment (run 1, 9 months, three plant generations)
was repeated for 4.5 months (run 2, 1.5 plant gen-
erations) with the position of the experimental treat-
ments interchanged between consecutive runs. No
bank effects were detected. In addition, in later ex-
periments (27) we also repeated both the ambient
{run 3) and the elevated (run 4) CO,, in one bank while
manipulating temperature in the other bank, always
for 9 months. In all runs, results obtained with a
particular CO, treatment were similar. For simplicity,
we concentrate here on the results from run 1 with
corroborating information only from later runs. An
artificial "winter” was imposed by cutting most of the
above-ground vegetation at the end of each gener-
ation and replacing it immediately as litter.
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Infrared gas analyzer measurements were taken as
flux (in ppm CO,) over 48-hour periods with an air-
flow of 0.25 m®3 per second per chamber.

Three of the plant species (Cardamine hirsuta, Sene-
cio vulgaris, and Spergula arvensis) showed in-
creased rates of photosynthesis during the course of
the experiment; there was no significant change in
the rate of photosynthesis of Poa annua. Elevated
CO, also resulted in significant differences in the
plant populations that were both species and gener-
ation dependent. Herbivores showed species-spe-
cific changes: For example, in run 1, Brevicoryne
brassicae populations at the end of the second plant
generation were higher in ambient CO, than in ele-
vated CO,,. The reverse was true for Myzus persicae
at the end of the third plant generation.
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Enzyme activities measured were urease, xylanase,
trehalase, and arginine deaminase [F. Schinner et al.,
Methods in Soil Biology (Springer, Heidelberg,
1996)]. See (18) for details.

Seil was initially sterilized by methyl bromylation.
Each replicate then received 120 ml of a microbial
inoculum prepared from 20- to 25-pum pore filtrate
(Whatman number 4) of Silwood Park soil. This treat-
ment also introduced nematodes and protists to all
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605 (1996)]. The polymerase chain reaction (PCR)
was used to amplify eubacteria 16S ribosomal RNA
genes present in the extracted DNA with fluorescently
labeled universal eubacterial oligonucleotide primers
pA and pH’ [U. Edwards et al., Nucleic Acids Res. 17,
7843 (1989)]. PCR products were digested with the
restriction endonuclease Hae [ll, separated with an
ABI 373 A automated DNA sequencer, and analyzed
with Genotyper software (version 1.1). The resuiting
profiles, each peak of which identifies a different vari-
ant, were compared visually.

Soll samples from all chambers were inoculated onto
agar plates, using 10 different protocols. Colony
numbers and identities were ascertained after vary-
ing periods of incubation. Only the cellulose agar (for
cellulolytic fungi) showed statistically significant dif-
ferences [mean (= SE) number of colonies (X102
g~ soil) recovered, 17.2 (+9.4) (ambient), 35.0
(=14.8) (elevated); P < 0.05] between the ambient
and elevated CO,, treatments.
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occupied in the experiment). The probability that
each occurrence of a species was assigned to each
treatment was 0.5 and did not depend on the num-
ber of times the species had already been assigned
to that treatment. A maximum of eight occurrences
per species per treatment was allowed. The null
model was run for a total of 5000 iterations. Not once
did the null model yield as few as 14 species com-
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Control of Alternative Splicing of Potassium
Channels by Stress Hormones

Jiuyong Xie and David P. McCobb*

Many molecular mechanisms for neural adaptation to stress remain unknown. Expres-
sion of alternative splice variants of Slo, a gene encoding calcium- and voltage-activated
potassium channels, was measured in rat adrenal chromaffin tissue from normal and
hypophysectomized animals. Hypophysectomy triggered an abrupt decrease in the
proportion of Slo transcripts containing a “STREX” exon. The decrease was prevented
by adrenocorticotropic hormone injections. In Xenopus oocytes, STREX variants pro-
duced channels with functional properties associated with enhanced repetitive firing.
Thus, the hormonal stress axis is likely to control the excitable properties of epinephrine-
secreting cells by regulating alternative splicing of Slo messenger RNA.

Stressors including cold exposure, hypogly-
cemia, and physical constraint trigger adap-
tive changes in catecholamine- and pep-
tide-secreting chromaffin cells of the adre-
nal medulla. Rapid stress-induced increases
in transcription of the epinephrine-synthe-

Section of Neurobiology and Behavior, Cornell University,
Ithaca, NY 14853, USA.

*To whom correspondence should be addressed. E-mail:
dpm9@cornell.ecu

sizing

enzyme  phenylethanolamine-N-

methyltransferase (PNMT) result from di-
rect interaction of receptor-bound glu-
cocorticoid stress hormones with glucocor-
ticoid response clements in the promoter
(1. Glucocorticoids also regulate transcrip-
tion of voltage-gatred K channel genes in
cardiac and pituitary cells (2). In chromaf-
in cells, large-conductance “BK” calcium-
and voltage-gated K channels are particu-
larly prominent, participating in action po-

443


mailto:dpm9@comell.edu
http://www.sciencemag.org

tential repolarization and driving the brief
afterhyperpolarization. Pronounced differ-
ences in the repetitive firing properties of
chromaffin cells have been attributed to
variations in kinetics and voltage depen-
dence of BK channel gating in these cells

Fig. 1. Structure of mam- A Slol
malian Slo mRNAs. (A)
Roman numerals indi-

(3, 4). Slo is the only known gene encoding
BK channels, and alternative splicing may
underlie much of the existing BK functional
diversity (5, 6).

Hypophysectomy (pituitary removal) in
rats represents a robust and reproducible ex-
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site Il only. (B) Three variants at site Il. ZERO had no insert between the flanking exons. Nucleotide
sequence of STREX-1 dictates the substitution of P for L, followed by the insertion of 58 residues. The
sequence of STREX-2 dictates the insertion, after L, of 61 residues, the downstream 58 of which are
shared with STREX-1 at nucleotide and amino acid levels (C). Boxed segments demarcate midcodon
splice boundaries providing the most parsimonious explanation for the observed sequences. In STREX-2,
a 9-bp exon is presumably inserted before the 174-bp exon in STREX-1. Insertion of this 9-bp exon alone
can account for a variant identified in other tissues (6) having residues IYF following L. Single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; |,
lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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Fig. 2. Stress hormone—
related changes in ex-
pression of Slo splice
variants. (A) Agarose gel
electrophoresis of RT-
PCR products obtained
with primers Slo3 and
Slo4 on RNA from adre-
nal medullas of three rats
for each group. The low-
er band represents the
450-bp product from
ZERO, and the upper
band is a composite of
unresolved STREX-1
and -2 products (624
and 633 bp). STREX
band intensity is much
reduced at 15 days after
hypophysectomy  (H),
compared with age- and
sex-matched normal
rats (N). ACTH injections

2 4

30 60

beginning at hypophysectomy (H + A) maintain STREX variants

at near normal levels, although implanted corticosterone pellets
4 (H + C) do not. (B) Mean values (= SEM) of ratios of upper to
lower gel band intensities (STREX to ZERO products), measured
from digitized images of ethidium bromide—stained gels. Sample
sizes are above bars. H was significantly below N (P < 0.00002)
and H + A (P < 0.00001). (C) Serum corticosterone (CORT)

04 concentrations at death, measured by RIA. P < 0.0005 for H

N H H+A H+C

compared with N; P < 0.02 for H + A compared with N. (D)

Adrenal corticosterone concentrations. ACTH injections but not
corticosterone implants were effective in raising corticosterone concentrations locally (P < 0.0006 for H
+ A compared with H alone). (E) Time course of the decline in STREX/ZERO abundance (top) after
hypophysectomy parallels that for PNMT/actin abundance (bottom). PNMT and STREX were normal-
ized by means for unoperated rats in parallel reactions.
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perimental nullification of hormonal stress
axis function and has confirmed results with
other approaches demonstrating extensive
stress-related plasticity in chromaffin cell
phenotype (7). We used a quantitative re-
verse transcription polymerase chain reac-
tion (RT-PCR) strategy (8) to measure in
parallel the effects of hypophysectomy (9)
on adrenal medullary levels of PNMT and
total rat Slo (rSlo) mRNA (without regard
to splicing variation). PNMT mRNA was
reduced to 8.5 = 1.1% (£SEM; N = 4) of
normal levels by hypophysectomy, whereas
total Slo mRNA was not detectably altered
over 10 weeks after hypophysectomy.

Five alternative splice sites have been
identified in the COOH-terminal half of
mammalian Slo genes (5, 10, 11). Using
RT-PCR on adrenal medulla, we found no
inserts at sites I, III, or IV (Fig. 1A). How-
ever, primers bracketing sites I to 111 yielded
two distinct bands. Subcloning and se-
quencing indicated that the lower molecu-
lar weight band contained only products
with no insert at site Il (configuration re-
ferred to as ZERQO). Two related variants of
similar size composed the upper band, re-
ferred to as STREX-1 and -2 (stress axis—
regulated exons). The STREX variants
share a 174-base pair (bp) exon (10, 11),
with STREX-2 having an additional 9-bp
exon (Fig. 1B).

The relative intensities of STREX and
ZERO PCR product bands were very con-
sistent between reactions from the same
sample, providing an internal calibration
system for measuring relative abundance
across treatment groups (12). The ratio of
STREX to ZERO forms was markedly re-
duced by hypophysectomy (Fig. 2). In six
unoperated animals, the ratio varied from
0.59 to 0.83 (mean * SEM = 0.74 = 0.02)
(Fig. 2B). In 14 rats hypophysectomized 15
days earlier, the ratio varied from 0.13 to
0.39 (mean = 0.25 = 0.005). Thus, ranges
did not overlap, and means differed very
significantly (P < 0.00002). In a separate
series of reactions, we measured a decrease
in the abundance of STREX relative to
total RNA using STREX-specific primers
and a STREX-derived calibration template
(P < 0.0002). No other variants between
the obligatory primer sites were detected in
adrenal medulla by us or others (10). Be-
cause total Slo transcript was not changed
by hypophysectomy, the change described
likely reflects a decrease in the absolute
abundance of STREX with an accompany-
ing increase in ZERO.

The STREX to ZERO ratio declined
rapidly after hypophysectomy (Fig. 2E). By
11 days, it was 42.5% of normal (P =
0.002), and by 32 days, it was 11.5% of
normal, indistinguishable from the value at

70 days. Thus, the time course of STREX
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decline was very similar to that for PNMT
mRNA.

Pituitary influence on chromaffin cells is
generally indirect, with adrenocorticotropic
hormone (ACTH) acting on cortical cells
to stimulate the synthesis of glucocorti-
coids, which then act on chromaffin cells.
Subcutaneous injections of ACTH (4
U/100 g) (13) were given daily or on alter-
nate days beginning at surgery to determine
whether the effects of hypophysectomy
could be prevented by ACTH replacement.
Fifteen days after surgery, ratios of STREX
to ZERO products were indistinguishable
from normal animals and significantly high-
er than those of vehicle-injected or unin-
jected hypophysectomized animals (Fig.
2B).

Attempts to bypass ACTH by directly
manipulating corticosteroid concentrations
in the blood were ineffective in controlling
STREX variant expression. Neither dexa-
methasone injections 81 days after surgery
(10 mg kg™ ! day™! for 4 days) nor implan-
tation of corticosterone pellets (the major
rat adrenal glucocorticoid under ACTH
control) at surgery raised or maintained
STREX levels significantly above hypophy-
sectomized levels. One explanation is that
injections and implants, although restoring
serum corticosterone concentrations, can-
not match the much higher local concen-
trations to which chromaffin cells are ex-
posed in cortico-medullary venous sinuses
within the gland (14). To address this ques-
tion, we used radioimmunoassay (RIA) (15)
to measure serum corticosterone concentra-
tions and total gland corticosterone con-
tent. Normal and hypophysectomized rat

Fig. 3. Functional differ- A

STREX-2

sera contained 312 * 22 and 20 * 6 ng/ml,
respectively (Fig. 2D). Corticosterone was
roughly 100-fold more concentrated in ad-
renal tissue than in serum (Fig. 2D). Corti-
costerone implants {100 mg of pellet im-
planted subcutancously at surgery) raised
serum concentrations to 121 = 14% of
normal but raised adrenal content to only
10 *+ 2% of normal. By contrast, ACTH
injections raised serum concentrations to
529 * 113% and adrenal content to 61 =*
7% of normal. They also prevented the
cortical atrophy normally caused by hy-
pophysectomy. Thus, ACTH injections
maintained high local concentrations (with
supernormal secretory rates) apparently re-
quired to maintain near normal STREX
levels after hypophysectomy.

We estimated the relative abundance of
STREX and ZERO transcripts in native
tissue by correcting for differences in PCR
amplification efficiencies, assuming similar
RT efficiencies. To measure amplification
efficiencies, we constructed a plasmid con-
taining both ZERO and STREX-2 isoforms,
ensuring a one to one template ratio. Am-
plification vyielded band intensity ratios
(STREX to ZERO) of 0.64 = 0.2 (STREX
efficiency = 97% of ZERO efficiency per
cycle). The ratio was negligibly affected by
template amount, even when 100-fold
greater than in tissue samples, indicating
amplification within the linear range. Ex-
trapolating from relative efficiencies, the
STREX to ZERQO template ratio in normal
rats was 1.16. For hypophysectomized and
ACTH-injected hypophysectomized rats,
this ratio was 0.47 and 1.17, respectively, at
15 days. With the assumption that no other

ZERO B 1
STREX-2

ences in Slo splice vari-

ants. (A) STREX-2 chan-
nels activate at more neg-
ative voltages than ZERO
channels. Representative
currents activated from a
holding potential of —100
mV in inside-out patches
from cRNA-injected Xen-
opus oocytes. [Ca?*], =
100 M. (B) Conduc-
tance-voltage (G-V) rela-
tions for patches in (A). G

+100

values were normalized by the maximal conductance (G
patch and fit with Boltzmann functions. (C) Average G-V curves for
25 STREX and 8 ZERO patches (STREX-1 and -2 not different;
[Ca?*]; = 10 uM). Curves were generated from independently av-
eraged V,, 5 and steepness parameters from individual fits. Horizon- /
tal SEM bars for V,, ¢ are barely detectable. Steepness varied little

within or between groups. (D) STREX channels deactivate more
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variants at site [l occur in significant pro-
portions in chromaffin cells, STREX vari-
ants made up about 53, 32, and 54% of total
Slo transcripts in the respective groups. By
70 days, STREX transcripts declined to
15% of the total.

To determine whether STREX exons af-
fect the functional properties of Slo chan-
nels, we constructed Slo expression plas-
mids differing only at site 1, having the
form of STREX-1, STREX-2, or ZERO (no
inserts at sites I, III, and IV) (16). Currents
in inside-out patches pulled from STREX
cRNA-injected Xenopus oocytes (17) acti-
vated at voltages ~20 mV negative to those
in ZERO-injected oocytes (Fig. 3) (10, 18).
At 10 uM intracellular Ca?* concentration
([Ca?*]), the half-activation voltage (V&
from Boltzmann fits) was —2.33 = 0.30 mV
for 25 STREX patches and 20.5 = 1.44 mV
for 8 ZERO patches. The steepness of volt-
age dependence did not differ (17.1 * 0.5
mV/e-fold change for STREX, 16.2 + 1.2
for ZERO). In addition, STREX speeds ac-
tivation and slows deactivation at a given
test potential. Slower BK deactivation has
been linked to enhanced repetitive firing in
chromaffin cells. Time constants of tail cur-
rent kinetics (+90 to —80 mV) averaged
2.31 = 0.06 and 0.85 = 0.06 ms for 18
STREX and 7 ZERO patches, respectively.

Studies of firing properties and BK chan-
nels in native rat chromaffin cells (3, 4)
suggest that STREX exons enhance repeti-
tive firing. Chromaffin cells subdivide into
two types, those spiking continuously with a
sustained current injection and those spik-
ing only once or twice. BK channels in the
former exhibit substantially slower deacti-
vation kinetics. This slower kinetics en-
hances repetitive firing by augmenting the
afterhyperpolarization, facilitating recovery
from inactivation of sodium and calcium
channels. Both more negative and faster
activation will further augment the afterhy-
perpolarization by increasing BK openings
during the brief action potential. It has
been proposed that chromaffin cells secret-
ing epinephrine rather than norepinephrine
fire repetitively (3). Because the pattern of
glucocorticoid receptor expression maps
onto that for PNMT expression (19), we
hypothesize that STREX is differentially ex-
pressed in epinephrine- and norepineph-
rine-secreting cells.

Our observation that stress hormones
affect Slo mRNA composition suggests that
hypophysectomy and more natural stress
system perturbations will alter chromaffin
BK channel protein composition and cellu-
lar excitability. For PNMT, protein levels
and enzyme activity are not always com-
mensurate with mRNA fluctuations, as
translational and later stages are subject to
additional regulatory controls (20). Howev-
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er, even small changes in STREX expres-
sion producing subtle changes in chromaf-
fin cell excitability could have pronounced
effects on the secretion of catecholamines
and other products (including corticoste-
roids through reciprocal interactions with
the adrenal cortex) (21), with potentially
far-reaching consequences in  humans.
Among the functions likely to be affected
to some extent are cardiovascular, digestive,
metabolic, immune, and mental functions
(22). Changes in chromaffin BK channels
in response to hormonally communicated
stress represent another dimension of stress-
related plasticity in adrenal tissue.

Tissue-specific and developmental regu-
lation of alternative splicing is well estab-
lished for many genes, with factors and
mechanisms being worked out. Reports of
dynamic regulation of splicing patterns in
adult tissues are rare (23). Exons in complex
modular proteins such as ion channels often
comprise discrete functional units, and dy-
namic hormonal control of exon selection
provides a unique dimension for regulating
the often critical functional nuances of the
whole protein.
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Maternal Control of Embryogenesis by MEDEA,
a Polycomb Group Gene in Arabidopsis

Ueli Grossniklaus,” Jean-PhiIippe Vielle-Calzada,
Marilu A. Hoeppner, Wendy B. Gaglianot

The gametophytic maternal effect mutant medea (mea) shows aberrant growth regulation
during embryogenesis in Arabidopsis thaliana. Embryos derived from mea eggs grow
excessively and die during seed desiccation. Embryo lethality is independent of the
paternal contribution and gene dosage. The mea phenotype is consistent with the
parental conflict theory for the evolution of parent-of-origin—specific effects. MEA en-
codes a SET domain protein similar to Enhancer of zeste, a member of the Polycomb
group. in animals, Polycomb group proteins ensure the stable inheritance of expression
patterns through cell division and regulate the control of cell proliferation.

The plant life cycle alternates between
diploid and haploid generations, sporophyte
and gametophyte, as the haploid spores un-
dergo several cell divisions before the ga-
metes finally differentiate and fuse to pro-
duce the diploid zygote. We identified an
Arabidopsis thaliana mutant, medea (mea), in
which self-fertilization of the heterozygote
produces 50% aborted seeds that collapse,
accumulate anthocyanin, and do not germi-
nate. This ratio of defective to normal seeds
is consistent with a gametophytic control of
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the defect, because half the haploid gameto-
phytes receive the mutant allele. Heterozy-
gous embryos abort if the mutant allele is
derived from the female (Fig. 1A), but de-
velop normally if it is derived from the male
(Fig. 1B and Table 1). Embryos derived
from mutant eggs abort irrespective of the
paternal contribution (1). Thus, the mea
mutant displays maternal-effect embryo le-
thality (2). In flowering plants, embryo de-
velopment is affected by both the female
gametophyte (3) and the sporophytic tissue
of the parent plant (4). The survival of the
resultant embryo depends on the presence
of a wild-type MEA allele in the genome of
the female gametophyte.

Fertilization of the egg and central cell
generates the diploid zygote and the triploid
primary endosperm. Endosperm resulting
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