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A Role for Endothelial NO Synthase in LTP
Revealed by Adenovirus-Mediated
Inhibition and Rescue

David B. Kantor, Markus Lanzrein, S. Jennifer Stary,
Gisela M. Sandoval, W. Bryan Smith, Brian M. Sullivan,
Norman Davidson, Erin M. Schuman*

Pharmacological studies support the idea that nitric oxide (NO) serves as a retrograde
messenger during long-term potentiation (LTP) in area CA1 of the hippocampus. Mice
with a defective form of the gene for neuronal NO synthase (nNOS), however, exhibit
normal LTP. The myristoyl protein endothelial NOS (eNOS) is present in the dendrites of
CA1 neurons. Recombinant adenovirus vectors containing either a truncated eNOS (a
putative dominant negative) or an eNOS fused to a transmembrane protein were used
to demonstrate that membrane-targeted eNOS is required for LTP. The membrane
localization of eNOS may optimally position the enzyme both to respond to Ca?™* influx
and to release NO into the extracellular space during LTP induction.

Long-term potentiation, a form of synaptic
plasticity, can be inhibited by agents that
interfere with the activity of NO synthase
(NOS), which suggests that NO serves as a
retrograde messenger during some forms of
LTP (1-6). Hippocampal slices from ho-
mozygous transgenic mice lacking neuronal
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NOS (nNOS), however, exhibited normal
LTP (7). The LTP in slices from these
mutant mice was still susceptible to inhibi-
tion by broad-spectrum NOS inhibitors,
which suggests that another NOS isoform
may participate in LTP. In fact, a residual
NOS activity was detected in the hip-
pocampus of these mice (8), perhaps result-
ing from endothelial NOS (eNOS) in CAl
neurons (7, 9). Thus, eNOS may be the
isoform of NOS that participates in LTP
induction.
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Endothelial NOS is myristoylated and
associated with membrane fractions (10—
12). We assessed the subcellular localization
of eNOS by examining the distribution of
fluorescence in Chinese hamster ovary
(CHO) cells transfected with a cDNA en-
coding a fusion protein composed of eNOS
and green fluorescent protein (13, 14) [the
fluorescent protein used was Green Lantern
(GL)] (15, 16). Control cells transfected
with GL alone exhibited a diffuse fluores-
cent signal throughout the cytoplasm and
the nucleus (Fig. 1A), whereas the eNOS-
GL fusion protein was localized in the plas-
malemma membrane and intracellular
membrane compartments (Fig. 1B) (17).

We examined the role of eNOS in LTP
by combining pharmacological agents with
recombinant adenovirus vectors that were
designed to manipulate eNOS function. In
control experiments, individual rat hip-
pocampal slices were injected in the CA1
cell body region with an adenovirus vector
containing lacZ (Ad-lacZ) (15, 18). We
examined synaptic transmission and plastic-
ity at the Schaffer-collateral CA1 neuron
synapses with conventional extracellular re-
cording techniques (19). Control slices in-
fected with Ad-lacZ exhibited staining for
B-galactosidase (8-Gal) throughout the py-
ramidal cell layer and in processes extend-
ing into the stratum radiatum (SR) and
stratum oriens (SO) within 4 to 8 hours of
injection (Fig. 2A) (18); single pyramidal
neurons expressing B-Gal were readily iden-
tified (Fig. 2B). Synaptic transmission (24
to 36 hours after infection) in Ad-lacZ-
infected slices was indistinguishable from
slices injected with control saline that were
maintained for equivalent periods of time
(Fig. 2C). In addition, short- and long-term
synaptic plasticity, including post-tetanic
potentiation (PTP), paired-pulse facilitation
(PPF), and LTP, were normal (Fig. 2, C and
D) [100-ms interstimulus interval (ISI) PPF,
mean percent of the first field excitatory
postsynaptic potential (fEPSP) slope =+
SEM: saline, 126.2 = 4.9% (n = 4); Ad-
lacZ, 133.5 = 4.5% (n = 4), not significant
(NS); maximum PTP, mean percent of base-
line = SEM: saline, 345.0 = 37.7% (n = 6);
Ad-lacZ, 359.7 = 21.9% (n = 6), NS; LTP,
mean percent of baseline = SEM: saline,
193.3 = 25.3% (n = 6); Ad-lacZ, 184.7 =
7.7% (n = 6), NS|.

To address the role of eNOS in LTP, we
constructed an adenovirus vector contain-
ing a truncated eNOS (Ad-TeNOS) (15).
The truncated eNOS lacks catalytic activ-
ity yet retains the NH,-terminal sequence
required for myristoylation and may be a
dominant negative inhibitor of eNOS func-
tion, presumably because it can het-
erodimerize with wild-type eNOS (20). Co-
transfection of CHO cells with eNOS-GL
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Fig. 1. Localization of
endothelial NOS in trans-
fected CHO cells. Con-
focal images of individual
CHO cells transfected
with the indicated con-
structs. (A) Cell trans-
fected with a GL plas-
mid. (B) Cell transfected
with an eNOS-GL fusion
construct. (C) Cell co-
transfected with eNOS-
GL and TeNOS. (D) Cell
transfected with eNOS-
GL in the presence of the
myristoylation  inhibitor
HMA. (E) CHO cell trans-
fected with a plasmid
containing a cDNA for a
CD8-eNOS fusion pro-
tein immunofluorescently
labeled with an antibody
to CD8. (F) Cell trans-
fected with CD8-eNOS
in the presence of HMA.
Scale bar, 5 pm.

and TeNOS (16) indicated that the co-
expression of the truncation mutant did not
significantly affect the subcellular localiza-
tion of eNOS (Fig. 1C). The slight reduc-
tion in intensity of fluorescence associated
with the plasma membrane (Fig. 1, B versus
C) may be due to the fact that TeNOS-
eNOS-GL heterodimers possess only a sin-
gle fluorescent molecule, whereas eNOS-
GL homodimers possess two copies.
Immunohistochemical studies of eNOS

B

CD8-eNOS

eNOS-GL
+ HMA

CD8-eNQOS
+ HMA

indicate that eNOS is preferentially associ-
ated with the apical dendrites of CA1 neu-
rons in SR but appears to be absent from
the basal dendrites in SO (7, 9). As is
consistent with this localization, LTP is
blocked by NOS inhibitors at the apical,
but not the basal, synapses of CA1 neurons
(21). We conducted a blind study (19) in
which LTP was simultaneously examined at
both SR and SO synapses in slices infected
24 to 36 hours earlier with either Ad-lacZ

D 350+

{EPSP slope
(-mV/ms)

0.8t

(Mean % of baseline)

0 50 100 150 200 =0

or Ad-TeNOS. Control slices infected with
Ad-lacZ displayed normal LTP at both SR
and SO synapses (Fig. 3, A and B) [mean
percent of baseline: SR, 213.9 * 12.8%
(n=19); SO, 225.3 = 30.3 (n = 11)] (22).
In contrast, slices infected with Ad-TeNOS
virus exhibited robust LTP at SO synapses
but failed to exhibit LTP at SR synapses
(Fig. 3, C and D) [mean percent of baseline:
SO, 2504 + 26.4% (n = 11); SR: 108.9 *
4.8 (n = 20)]. Ad-TeNOS—infected slices
displayed normal synaptic transmission,
PPF, and PTP as compared with Ad-lacZ
control slices [input-output slope mean *
SEM: Ad-lacZ, 0.011 = 0.002 (n = 6);
Ad-TeNOS, 0.009 = 0.003 (n = 6), NS;
100-ms ISI PPF, mean percent of first
fEPSP slope = SEM: Ad-lacZ, 136.1 *
6.4% (n = 4), Ad-TeNOS, 146.0 *+ 18.0%
(n = 4), NS; maximum PTP, mean percent
of baseline * SEM: Ad-lacZ, 330.2 =
212% (n = 19); Ad-TeNOS, 351.0 =
32.7% (n = 20), NS]. Taken together, the
lack of effect on basal synaptic strength and
short-term plasticity as well as the selective
inhibition of LTP in SR suggest that Ad-
TeNOS abolishes potentiation by interfer-
ing with eNOS function in the apical den-
drites of CA1 pyramidal neurons.

The fatty acid myristate is cotranslation-
ally added to the NH,-terminal glycine of
eNOS (10-12) but not of nNOS. Myris-
toylation is accomplished by an N-myris-
toyltransferase (NMT) activity, which is
extremely abundant in the hippocampus
(23). We determined the effect of a myris-
toylation inhibitor, hydroxymyristic acid
(HMA) (24, 25), on the distribution of

Stimulus strength (pA)

-20 0 20 40 60
Time (min)

Fig. 2. Hippocampal slices infected with an Ad-lacZ construct exhibit normal
synaptic transmission and plasticity. (A) An Ad-lacZ slice infected in area CA1
stained for X-Gal 24 hours after injection. (B) B-Gal labeling of individual pyrami-
dal neurons and their associated dendrites. Scale bar in (A), 150 pm; in (B), 15
wm. (C) I/O relation for control (saline-injected) slices (solid lines) and slices
infected with Ad-lacZ (dashed lines). The slope of each line was calculated, and
a between-group comparison indicated that they are not significantly different
from one another [mean slope + SEM: Ad-lacZ, 0.011 + 0.002; saline,

SCIENCE e VOL. 274

0.01 =0.001 (NS)). (D) Ensemble average of LTP experiments for both control
and Ad-lacZ slices. In control slices (filled circles), the mean field EPSP slope
before LTP was —0.14 = 0.01 mV/ms (mean *+ SEM)and —0.27 = 0.05 mV/ms
after LTP (P < 0.01). In Ad-lacZ slices (open circles), the mean field EPSP slope
before LTP was —0.16 + 0.01 mV/ms (mean *= SEM) and —0.28 + 0.03 mV/ms
after LTP (P < 0.01). Two representative field EPSPs, taken 10 min before and
50 to 60 min after LTP are shown. Traces on the right are from an Ad-lacZ slice;
traces on the left are from a control slice. Calibration bar: 0.5 mV, 10 ms.
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eNOS-GL in CHO cells. Treatment with
HMA abolished the membrane localization
of eNOS and resulted in a diffuse localiza-
tion of eNOS throughout the cytoplasm
(Fig. 1D), yielding a fluorescence pattern
similar to that observed for GL alone (Fig.
1A). These data confirm that myristoyl-
ation is required for the membrane localiza-
tion of eNOS (12, 26).

We next examined whether the NMT
inhibitor could attenuate LTP. We treated
slices with HMA for 20 to 26 hours before
electrophysiological recordings (27) in order
to interfere with the myristoylation of newly
synthesized eNOS (28). Hippocampal slices
incubated in HMA failed to exhibit LTP,
whereas control slices exhibited significant
potentiation (Fig. 4A) [mean percent of
baseline: HMA, 112.4 = 4.0% (n = 14);
control, 187.2 £ 13.8% (n = 13); P <
0.001]. The HMA-treated slices (which
failed to exhibit LTP) showed significantly
reduced NMT activity when compared to
control slices (29) [NMT activity in adjusted
CPM: HMA, 363.4 = 36.6 (n = 9); control,
3788.5 = 531.6 (n = 8); P < 0.001]. Short-
term extracellular application of HMA to
slices (50 min before LTP induction) did not
affect LTP (Fig. 4B), which suggests that the
inhibitory effects of long-term HMA treat-
ment were due to the prevention of myris-
toylation rather than to a nonspecific synap-
tic effect (for example, antagonizing NMDA
receptors or protein kinase activity).

To rule out the possibility that a myris-
toyl protein other than eNOS is required
for LTP and to directly assess whether
eNOS is the critical myristoyl protein af-
fected by inhibition of myristoylation, we
designed a chimeric protein. The chimera
contained the extracellular and transmem-
brane domain of CD8 (30) fused to an
eNOS lacking the NH,-terminal glycine
required for myristoylation (12), thus pro-
viding an alternate means of membrane
association (15). We verified the catalytic
NOS activity of the CD8-eNOS fusion pro-
tein in transfected CHO cells (20). Like
eNOS-GL, CD8-eNOS was localized in the
plasma membrane in transfected CHO cells
(Fig. 1E). Incubation of CD8-eNOS-trans-
fected CHO cells with HMA did not alter
the membrane localization of CD8-eNOS
fluorescence (Fig. 1F), verifying that the
CDS8-fusion protein can confer membrane
localization via a myristoylation-indepen-
dent pathway.

We then tested whether slices infected
with the CD8-eNOS construct could be
rescued from the HMA-induced inhibition
of LTP. In blind experiments, slices inject-
ed with Ad-lacZ and incubated with HMA
still failed to exhibit LTP, whereas slices
injected with Ad—CD8-eNOS and incubat-
ed with HMA exhibited fully restored and
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Fig. 3. Infection of CA1 neurons with TeNOS blocks LTP at SR but not SO synapses. (A through D) Two
superimposed representative field EPSPs, taken 10 min before and 50 to 60 min after LTP. In Ad-lacZ
slices, LTP was exhibited at both SR (A) and SO (B) synapses. The mean fEPSP slope in SR before LTP
was —0.17 £ 0.04 mV/ms (mean + SEM) and —0.29 + 0.03 mV/ms after LTP (P < 0.01). The mean
fEPSP slope in SO before LTP was —0.17 = 0.02 mV/ms (mean + SEM) and —0.39 = 0.07 mV/ms after
LTP (P < 0.01). In Ad-TeNOS slices, LTP was attenuated at SR synapses (C), but not SO synapses (D).
The mean fEPSP slope in SR before LTP was —0.14 + 0.04 mV/ms (mean *= SEM)and —0.15 * 0.06
mV/ms after LTP (P = 0.05). The mean fEPSP slope in SO before LTP was —0.20 + 0.05 mV/ms
(mean + SEM) and —0.48 + 0.19 mV/ms after LTP (P = 0.01). Calibration bar: 1.0 mV, 10 ms.

robust potentiation (Fig. 4C) [mean percent
of baseline: Ad-lacZ + HMA, 108.2 =
8.4% (n = 8); Ad-CD8-eNOS + HMA,
185.6 = 20.9% (n = 9); P < 0.01]. Both
groups of slices exhibited similar PPF and
input-output (1/O) relations for synaptic re-
sponses to stimuli of varying strengths [PPF
mean percent of the first EPSP slope: Ad-
lacZ + HMA, 137.1 £ 6.2% (n = 06);
Ad-CD8-eNOS + HMA, 126.2 = 2.2%
(n = 8), NS; I/O slope mean = SEM:
Ad-lacZ + HMA, 0.011 = 0.002 (n = 7);
Ad-CD8-eNOS + HMA: 0.010 = 0.001
(n = 8), NS]. The Ad-CD8-eNOS rescue
was prevented when HMA-treated slices
were also incubated in a NOS inhibitor,
which indicates that the restoration of LTP
requires NOS activity (Fig. 4C) [mean per-
cent of baseline: Ad-CD8-eNOS +
HMA + NOS inhibitor, 106.8 = 3.4%
(n = 6), NSJ]. These results establish that
membrane localization of eNOS via a trans-
membrane domain can restore LTP in myr-
istoylation-inhibited slices and suggest that,
under these experimental conditions,
eNOS is the only myristoyl protein that is
required for LTP production. As HMA se-
lectively perturbs the localization of eNOS
without diminishing the apparent amount
of eNOS (Fig. 1D), these data suggest that
membrane-associated, rather than cytosoli-
SCIENCE  »
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cally localized, eNOS is critical for LTP.
A previous study (7) in nNOS™/~ mice
suggested that eNOS may participate in
LTP, although its role as either the primary
NOS isoform or as a compensatory isoform
was unclear. Our data indicate that eNOS,
rather than nNOS, is the primary NOS
isoform used in LTP and that no compen-
sation by nNOS can occur when eNOS
membrane localization is acutely perturbed
in the adult animal. Because eNOS is the
only NOS family member that is a myristoyl
protein, the block of LTP by HMA and the
subsequent rescue with the CD8-eNOS fu-
sion protein indicates a lack of compensa-
tion by nNOS in the adult animal.
Previous studies (2, 3) with NOS inhib-
itors injected into individual CA1 neurons
suggested a postsynaptic requirement for
NOS activity. In addition, eNOS is local-
ized to the dendrites (7, 9) or synaptic
fractions (31) of CA1 neurons. Thus, it is
likely that observed effects of eNOS manip-
ulation in this study are due to actions in
postsynaptic CA1 neurons, although alter-
native sites, such as glia, cannot be ruled
out. In COS-7 cells, the myristoylation of
eNOS and its consequent membrane local-
ization facilitate the extracellular release of
NO (17, 32), raising the possibility that
membrane localization of eNOS is neces-
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experiments. HMA (100 uM) was applied at the times indicated by bars. (Right) The mean fEPSP slope
before LTP was —0.10 + 0.01 mV/ms (mean = SEM) and —0.20 = 0.02 mV/ms after LTP (P < 0.001).
(Left) The mean fEPSP slope before LTP was —0.13 = 0.01 mV/ms (mean *= SEM) and —0.22 * 0.04
mV/ms after LTP (P < 0.05). (C) Slices infected with a CD8-eNOS adenovirus construct can be rescued
from inhibition by a myristoylation inhibitor. Shown are ensemble averages for HMA-treated slices
infected with Ad-lacZ (closed triangle), Ad-CD8-eNOS (open circle), or Ad-CD8-eNOS + a NOS
inhibitor (open triangle). In Ad-lacZ HMA-treated slices, the mean fEPSP slope before LTP was —0.12 *
0.00 mV/ms (mean = SEM) and —0.13 = 0.01 mV/ms (NS) after LTP. In CD8-eNOS HMA-treated
slices, the mean fEPSP slope before LTP was —0.13 = 0.01 mV/ms (mean = SEM) and —0.25 = 0.03
mV/ms after LTP (P < 0.01). In CD8-eNOS HMA and NOS inhibitor-treated slices, the mean fEPSP
slope before LTP was —0.12 = 0.01 mV/ms (mean + SEM) and —0.12 = 0.01 mV/ms after LTP (NS).

sary for NO to fulfill its proposed role of a
retrograde messenger. Indeed, the associa-
tion of eNOS with the plasma membrane
might position the enzyme in an ideal loca-
tion both to respond to Ca?* influx and to
release NO into the extrasynaptic region
during LTP induction.
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isolated by PCR from the vector with primers that
created a 5’ Eco Rl and a 3’ Cla | site. eNOS cDNA
with a mutation in the N-myristoylation consensus
sequence [Gly? to Ala? (G2A)] in pBluescript SK was
excised at the 5’ Cla | site and the 3’ Xba I site. In a
three-way ligation, the CD8 and eNOSG2A frag-
ments were subcloned into pBluescript SK. Orienta-
tion was confirmed by restriction analysis, and the
junction sequence of the CD8-eNOS G2A fusion
was confirmed by DNA sequencing. The fusion
cDNA was then excised with Eco RI, subcloned into
pAC CMV, and screened for orientation. Membrane
localization was confirmed by immunocytochemistry
with a fluorescein-conjugated monoclonal antibody
to human CD8 (Sigma). Recombinant adenoviruses
were prepared by standard transfection methods
into HEK 293 cells, with the use of the experimental
plasmids plus the right arm of the AdSpAC | virus
digested with Xba | and Cla I. This virus contains a
2.7-kb deletion in the E3 region, thus providing ade-
quate cloning capacity for all inserts.

. CHO cells were maintained and propagated under

standard conditions (5% CO,, in Ham's F12 medium
containing 10% fetal bovine serum). One day before
the transfection, the cells were seeded into 30-mm
dishes at 2 x 105 cells per dish. A thin glass cover
slip was embedded in the bottom of the plastic dish
to enable the use of oil immersion lenses in confocal
microscopy. CHO cells were transfected with
pGreenlantern-1 (Gibco-BRL, Gaithersburg, MD),
pACeNOS-GL, or pACCD8-eNOS (2 pg of plas-
mid DNA per dish), or were cotransfected with
pACeNOS-GL and pACTeNOS at a ratio of 1:3
(8 g of plasmid DNA per dish). When added, HMA
was at a final concentration of 100 wM and ethanol
was at a final concentration of 0.25%. Transfections
were carried out with lipofectamine (Gibco-BRL) ac-
cording to the manufacturer’s instructions. After
transfection (20 to 24 hours), the cells were analyzed
with an inverted-stage laser confocal microscope
system (BioRad MRC-600) using an argon laser, an
excitation wavelength of 488 nm, and a X63 objec-
tive. Contrast and brightness settings were constant
between experiments. Images were imported and
displayed in Adobe Photoshop 3.0.

W. C. Sessaetal.,J. Biol. Chem. 270, 17641 (1995).
Hippocampal slices were infected by microinjection
of viral stock into the extracellular space of the CA1
pyramidal cell layer with glass micropipettes with tips
broken off (resistance <1 megaohm). Injections
were made along the area of CA1 corresponding to
the full extent of the inner blade of the dentate gyrus.
For each injection position in CA1, multiple pressure
injections of short duration (three injections per site of
10to 20 sites per slice for 100 ms at 5 to 10 psi) were
made by advancing the electrode through the depth
of the slice. After injections, slices were maintained in
250 pl of minimum essential medium (MEM) as de-
scribed below for 4 to 30 hours (mean = SEM:
27.1 + 0.4 hours), after which field potential record-
ings were conducted in normal Ringer's solution.
Slices were maintained at 22°C to 25°C in a MEM
consisting of Kreb Ringer’s solution (119 mM NaCl,
2.5 mM KCI, 1.3 mM MgSQO,, 2.5 mM CaCl,, 2.5
mM NaH,PO,, and 26.2 mM NaHCO,) supplement-
ed with B-27, 20 mM glucose, 250 uM glutamine,
and penicillin-streptomycin (50 U/ml). Individual slic-
es were placed in 24-well plates with 250 ! of solu-
tion in a humidified 95% O,/5% CO, atmosphere.
One-half of the volume of the medium was ex-
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changed every 12 hours. B-Gal was detected with
X-Gal staining [J. R. Sanes, J. L. R. Rubenstein, J.-F.
Nicolas, EMBO J. 5, 3133 (1986)]. In 50-w.m sections
of infected slices, we counted the number of neurons
containing B-Gal, and estimated that 68 to 95% of
neurons in the injected region were infected, de-
pending on whether central or peripheral regions of
virus injection were scrutinized. Stained slices were
photographed (Zeiss Axiophot, X2.5 and X 10 ob-
jectives) and imported into Adobe Photoshop 3.0 for
graphic presentation.

. Hippocampal slices (500 wm) were prepared from

young adult male Sprague-Dawley rats. Slices were
submerged in a stream of artificial cerebral spinal
fluid (ACSF) (119 mM NaCl, 2.5 mM KCI, 1.3 mM
MgSO,, 2.5 mM CaCl,, 1.0 mM Na,HPO,,, 26.2 mM
NaH,CO, and 11.0 mM glucose), maintained at
22°C to 25°C, and gassed with 95% O,/5% CO,.
fEPSPs measured independently in SR or SO at a
depth of 100 to 150 wm below the slice surface were
evoked by two different stimulating electrodes acti-
vating the Schaffer collateral-commissural afferents
(once every 15 s); the initial (1- to 2-ms) slope was
measured. LTP was induced by four trains of high-
frequency stimulation (100 Hz for 1 s) separated by
30-s intervals. To quantify I/O relations, the slopes of
the regression lines for each experiment were com-
pared. All electrophysiology experiments, with the
exception of those noted in (22), were conducted
with the experimenter being unaware of the experi-
mental condition of the slice. The percents of base-
line measurements indicated in the text were taken
50 to 60 min after tetanus. Ensemble average plots
represent group means of each EPSP slope, for all
experiments, aligned with respect to the time of LTP
induction. To assess statistical significance, paired
or independent t tests were performed. P values
greater than 0.05 are designated as NS.

C. M. Leg, L. J. Robinson, T. Michel, J. Biol. Chem.
270, 274083 (1995). We examined whether the ex-
pression of TeNOS inhibits NOS catalytic activity by
monitoring the Ca?*-dependent conversion of
[*“Clarginine to ['“C]citrulline in hippocampal ho-
mogenates made from infected CA1 regions of hip-
pocampal slices [D. S. Bredt and S. H. Snyder, Proc.
Natl. Acad. Sci. U.S.A. 86, 9030 (1989)]. (The NOS
activity of Ad-CD8-eNOS was assessed in CHO
cells with the same method.) We found that Ad-
TeNOS inhibited NOS activity by 14.4 = 3.2% when
compared with Ad-lacZ-infected slices (n = 6 exper-
iments, 3 slices per experiment, for both Ad-lacZ and
Ad-TeNOS). This modest but significant inhibition
may reflect the relatively small contribution of eNOS
to the total NOS activity detected in the hippocam-
pus (7) and may account for the observed block of
LTP in SR by TeNOS, although alternative mecha-
nisms may also contribute.

J. E. Haley and D. V. Madison, Learn. Mem., in
press.

We combined the simultaneous SR-SO experi-
ments shown in Fig. 3 with an earlier blind study
examining LTP in Ad-lacZ- versus TeNOS-infected
slices at SR synapses only, because the two sets of
SR data were statistically indistinguishable from
one another.

R. A. J. Mcllhinney and K. MGlone, J. Neurochem.
54, 110 (1990).

M. J. S. Nadler, M. L. Harrison, C. L. Ashendel, J. M.
Cassady, R. L. Geahlen, Biochemistry 32, 9250
(1993).

L. A.Paige, G. Zheng, S. A. De Frees, J. M. Cassady,
R. L. Geahlen, ibid. 29, 10566 (1990).

L. Busconiand T. Michel, J. Biol. Chem. 269, 25016
(1994).

Slices were treated with 100 wM HMA dissolved in
ethyl alcohol (EtOH) and bovine serum albumin
(BSA) (final EtOH concentration, 0.25%; final BSA
concentration, 0.25 mg/ml) or with vehicle alone
and were maintained in the same MEM described
above for 20 to 26 hours before electrophysiologi-
cal recording. Adjacent slices from one hippocam-
pus were exposed to either experimental or control
conditions, and only data from pairs in which the
control slice expressed LTP were considered. For
experiments in which HMA was applied acutely, a

1748

two-pathway design was implemented. HMA dis-
solved in EtOH plus BSA was added directly to the
superfusate at the indicated times, and during the
control recording period, slices were perfused with
Ringer’s containing EtOH plus BSA. In experiments
using a NOS inhibitor, L-N-monomethyl-arginine
(100 uM; Sigma) was applied to slices for at least 3
hours before recording.

28. The half-life of eNOS has been reported to be ap-
proximately 20 hours [L. J. Robinson, L. Busconi, T.
Michel, J. Biol. Chem. 270, 995 (1995); D. J. Stuehr
and O. W. Griffith, Adv. Enzymol. Relat. Areas Mol.
Biol. 65, 287 (1992)].

29. NMT activities in homogenates made from the same
slices used for electrophysiology were determined
as described [M. J. King and R. K. Sharma, Anal.
Biochem. 199, 149 (1991)] with a post-hoc assay
that measures the transfer of [*H]myristic acid to a
synthetic acceptor peptide—the eight NH,-terminal
amino acids of pp60se. [PH]myristoyl coenzyme A
was generated enzymatically [D. Towler and L. Gla-
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A

Mechanisms of Punctuated Evolution

In their report, “Punctuated evolution
caused by selection of rare beneficial muta-
tions,” Santiago F. Elena et al. describe (1)
punctuated changes in a morphological
character (cell size) in a population of Esch-
erichia coli kept in batch culture with daily
transfer for 3000 generations. They state
that their observations might explain some
aspects of punctuated evolutionary change,
a phenomenon often said to be inconsis-
tent with classical neo-Darwinism (2).
The controversy about punctuated equi-
librium involves two questions: (i) How
ubiquitous is the pattern of “jerky” evolu-
tion in nature! and (ii) Do novel evolu-
tionary processes cause this pattern? Elena
et al. answer the second question by pro-
posing that stasis in the fossil record arises
(as it does in their bacteria) from an ab-
sence of genetic variation, while rapid
changes in the record reflect the spread of
new beneficial mutations.

Although the report (1) by Elena et al.
provides useful evidence of the power of
selection to produce rapid evolutionary
change, there are substantial problems in
relating the results to the fossil record. First,
their experiment was designed so that punc-
tuated change was the only conceivable
outcome. Second, the phenomenon of
punctuation in such laboratory populations
is not novel, but has been described many
times in the literature. Third, it is unwar-
ranted to extrapolate evolution in a clonal
population of E. coli to punctuated evolu-
tion in sexual eukaryotes.

By beginning their experiment with a
genetically uniform clonal population,
Elena et al. virtually guaranteed a punctu-
ated outcome. Because there was no initial
genetic variation, all evolutionary change
SCIENCE
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was constrained to occur by the successive
fixation of newly arising mutations (3).
Many related experiments in flies and mice
have shown that, in small or highly inbred
populations, the response to artificial selec-
tion stops when genetic variation is ex-
hausted, but can undergo sudden jumps on
the appearance of new mutations of large
effect (4). Indeed, periodic selection in bac-
teria, a phenomenon described by Atwood
and his colleagues (5), is simply the sporad-
ic occurrence of mutations with a large
effect on fitness.

The relevance of observations on clonal
or inbred populations to the fossil record is
highly questionable; patterns of punctuated
evolution in nature can be explained with-
out appealing to the episodic fixation of
new mutations. Most fossils come from sex-
ually reproducing populations that are large
enough to leave an adequate record (6). In
such populations, rapid (on a geological
scale) evolution in response to environ-
mental changes can be caused by selection
acting on genetically variable traits (7).
There are many well-documented examples
of rapid, episodic change in contemporary
natural populations (8), and artificial selec-
tion in large laboratory populations has pro-
duced rates of change of orders of magni-
tude faster than those seen in the fossil
record (9). Once the environment has
stopped changing drastically, stabilizing se-
lection will act to preserve the optimum
phenotype, and morphological change will
slow down or cease, producing the appear-
ance of stasis. Given the unpredictable na-
ture of environmental change, it is thus not
unexpected that evolution often goes in fits
and starts, a fact that has long been recog-

nized (6, 10).




