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Can molecules explain long-term
potentiation?

Joshua R. Sanes and Jeff W. Lichtman

Although over 100 molecules have been implicated in long-term potentiation and depression,
no consensus on their underlying molecular mechanisms has emerged. Here we discuss the
difficulties of providing molecular explanations for cellular neurobiological phenomena.

About ten years ago, cellular neurobiolo-
gy—following hard on the heels of gener-
al cell biology—took a sharp turn toward
the molecular. This shift produced various
spectacular insights. For example, the for-
malisms that Hodgkin and Huxley devised
to describe the action potential have been
partially explained by conformational
changes in a group of transmembrane pro-
teins whose sequences we know and whose
three-dimensional structures we will soon
know. Likewise, many synaptic vesicle pro-
teins have been identified, and these
almost certainly will include the major
players that underlie neurotransmitter
release. Even neural development is yield-
ing to molecular analysis—from the neu-
rogenic genes that generate neurons to the
caspases that kill them.

As these successes grew, it was natural
to apply molecular tools to one of the most
fascinating issues in all of biology: learn-
ing and memory. A principal strategy has
been to focus on long-lasting alterations in
the efficacy of synaptic transmission that
are elicited by particular patterns of elec-
trical stimulation. Two such forms of
synaptic plasticity, long-term potentiation
(LTP) and long-term depression (LTD),
have been subjected to particularly intense
scrutiny. The remarkable growth in interest
is evident from publication records: the
number of papers dealing at least in part
with LTP rose exponentially from 12 dur-
ing 1975-1979 to ~90 from 1980-1984,
~350 from 1985-1989, ~1000 from
1990-1994 and ~1800 from 1995-1999.
(Numbers are minimum estimates based
on key words indexed in Medline and
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include a conservative projection for 1999.)
Because of this large-scale assault, over 100
molecules have been implicated in LTP and
LTD-%, Table 1 lists 117 of these molecules
suggested to be causally associated with
hippocampal LTP.

Despite this effort, a widely accepted
and satisfying molecular explanation for
LTP has not yet been discovered or, at least,
been generally accepted. Rather, at least to
outsiders, it appears that multiple
hypotheses are still being generated and
debated. Additionally, we hear varying
degrees of frustration and embarrassment
concerning their field from some of our
LTP colleagues. Why? It may seem both
presumptuous and peculiar for us, with
absolutely no credentials in the area, to
venture an opinion. We were motivated,
however, to consider this issue for two rea-
sons. First, LTP has become such a major
feature of the scientific landscape that it
looms large not only in journals but also
in the minds of many cellular and molec-
ular neurobiologists. Second, we regard
LTP as a case study depicting the sorts of
difficulties that might arise in other areas
of study (including our own, vertebrate
neural development) as cellular phenom-
ena are reduced to molecular mechanisms.
In pondering the general question of why
LTP has seemed to resist molecular analy-
sis, we came to believe that part of the
answer might be found if we could answer
another, more specific question: why do
so many molecules seem to be involved
in LTP?

The first few molecules

In the early 1970s, T.V.P. Bliss and T. Lomo
recorded extracellular field potentials in the
hippocampus evoked by stimulation of the
perforant path of anesthetized rabbits.
They found that the efficacy of synaptic
transmission, as measured by the size of
the field potentials, was potentiated for sev-
eral hours following a short, high-fre-
quency volley of stimuli®4. Since then, this

phenomenon, now called LTP, has cap-
tured the imagination of many scientists
for three main reasons. First, it was dis-
covered in the hippocampus, a region asso-
ciated with learning and memory. Second,
it occurs on a time scale long enough to be
potentially useful for information storage.
Third, it was soon shown that LTP had the
Hebbian property believed to underlie
associative learning: those inputs that fired
at the same time as the stimulus were
potentiated, whereas asynchronously acti-
vated inputs were not potentiated®>.
Interest in LTP increased as it was shown
to occur at other synapses likely to medi-
ate learning—for example, in the cerebral
cortex®—and implicated in synaptic
rearrangements that occur during normal
development®.

The discovery that one form involves
NMDA-type glutamate receptors initiated
the transition of LTP from a purely physi-
ological phenomenon to a molecular one.
Glutamate opens these calcium-permeable
channels most effectively only when the
membrane has been depolarized by a sep-
arate input, thus providing an attractive
explanation for the associative feature of
LTP%. Soon thereafter, biochemical analy-
ses suggested that calcium entering through
the NMDA receptor activated calcium-
dependent protein kinases such as calci-
um/calmodulin-dependent (CaM) kinase,
which then remained active even after the
calcium level dropped. This enzyme, in a
sense, ‘remembered’ that calcium had been
elevated, thereby providing a means to
maintain the synapse in a potentiated state
for a period that substantially outlasted the
inducing stimulus®. Thus, by the late
1980s, it seemed that a satisfying molecular
explanation for LTP was in view (Fig. 1).
Over the next decade, however, pharma-
cological, biochemical and genetic studies
implicated an ever-expanding cadre of
endogenous molecules in the process
(Table 1), and this apparent clarity dissi-
pated. What happened?
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Fig. 1. Induction and expression of LTP. Strong repetitive stimulation of the input to a hippocam-
pal neuron can activate AMPA and NMDA receptors. The opening of the NMDA channel allows
Ca?* entry, which is a critical step in the induction of LTP, as it activates a particular calcium-
dependent protein kinase, calcium/calmodulin-dependent (CaM) kinase. The activation persists
after the synaptic events that trigger it, and appears to be both necessary and sufficient for LTP
induction in some neurons. The next series of steps that lead to the expression of LTP is still a
matter of intense debate. There are three classes of explanation, and all have evidence to back
them up. One possibility is that the potentiation is caused by an increase in the number of packets,
or quanta, of glutamate released by presynaptic nerve terminals; alternatively, there is evidence
that new AMPA receptors are recruited to synapses to increase the amplitude of the postsynaptic
response to glutamate; lastly, several reports implicate structural changes that could include new

synapse formation associated with LTP.

Why so many molecules?

A simple answer might be that many mol-
ecules are required to mediate the process.
However, we believe that there is a second,
equally valid answer on which we want to
focus: that several factors have thwarted
attempts to pinpoint a minimal cadre of
essential molecules among a larger group
of candidates. Before enumerating these
factors, we must present two caveats. First,
we have not attempted to judge the qual-
ity of the data justifying inclusion of a
molecule in Table 1, even though we fully
realize that not all scientific data are equal.
For example, synapsin is listed based on a
correlative study*, even though appar-
ently stronger genetic data shows that at
least two of the three synapsins are not
critically involved®, As outsiders, we feel
it imprudent to judge the merits of each
data set. We note, however, that a sub-
stantial number of these papers have been
published in top-ranked journals, giving
us the impression that the quality of the
data is good. Second, the factors itemized
below probably do not contribute equally
to the uncertainties that beset the field.

A rose is not a rose is not a rose

The terms ‘potentiation’ and ‘depression’
can be used to describe any enhancement
or decrement in synaptic response, and
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‘long-term’ is hardly more specific. It is no
surprise that different neurons accomplish
LTP in different ways, and that LTD is not
a simple mirror image of LTP. We have
been somewhat sensitive to this complexi-
ty in assembling Table 1, omitting the vast
literature on LTP in structures other than
hippocampus as well as all studies of LTD.
However, even within the hippocampus,
LTP as a physiological phenomenon
exhibits at least five levels of heterogeneity.
First, synaptic responses can be potentiat-
ed for a long time in several types of neu-
rons—for example, granule cells of the
dentate gyrus, pyramidal cells of CA1 and
CA3 and interneurons—and each has dis-
tinct properties®. Second, multiple synaptic
inputs can be potentiated on a single neu-
ron, for example, stimulation of mossy
fibers, associational fibers and entorhinal
fibers can all evoke LTP in CA3 pyramidal
cells, each with unique properties©®. Third,
at a single synapse, LTP can be evoked in
various ways—for example, by 50 Hz, 100
Hz or theta burst stimulation—and each
may have distinct mechanisms?’. Fourth,
LTP-inducing stimuli seem to initiate a
multi-step process that has been divided
into as many as four phases: initial, early,
intermediate and late®>102, Each step might
involve many molecules, and the ones that
seem important probably depend on which

phase is being measured. Finally, even with
a standardized stimulation protocol,
LTP at synapses on basal dendrites show
different sensitivities to kinase inhibitors
than do synapses on apical dendrites of the
same neuron, suggesting involvement of
distinct mechanisms in the two dendritic
subfieldstos,

In short, there may be a dozen or more
forms of hippocampal LTP (with this num-
ber itself being a matter of considerable
controversy), each mediated in different
ways by different molecules. Some appar-
ent controversies may be explained by fail-
ure to take this heterogeneity into account.
In the vast majority of cases, however,
investigators are well aware of these issues,
and we therefore need to look further to
understand why consensus has been elu-
sive (Fig. 2).

Correlation does not prove causation

Numerous studies have compared levels of
one molecule or another in hippocampi
that have or have not undergone LTP36:50,
Not uncommonly, the authors argue that a
change in the level of molecule X implies
that molecule X is involved in LTP itself.
This reasoning is faulty in two respects.
First, the biochemical change might be an
indirect consequence of some process
linked to LTP. For example, if a protease is
activated as an integral part of the LTP
process, it might proteolyze some substrates
that have nothing to do with LTP. Second,
experimentally, it is technically difficult to
distinguish correlates of LTP from corre-
lates of stimulation in general, or high-fre-
quency stimulation in particular. In some
investigations, the mere selective expression
of amolecule in the hippocampus has been
taken as evidence that it may be involved in
LTP; we have not included such cases in
Table 1. Nonetheless, some of the molecules
implicated by the logic of correlation may
not, in fact, be causally involved in LTP.

Modulators mistaken for mediators

For many neurobiological processes, a dis-
tinction is customarily made between
mediators, which are required agents of the
process, and modulators, which alter a
process but are inessential for its occur-
rence. At the skeletal neuromuscular junc-
tion, for example, acetylcholine activates
nicotinic acetylcholine receptors to mediate
synaptic transmission, but other molecules,
such as norepinephrine, CGRP, adenosine
and muscarinic receptors, can modulate
transmission by affecting the amount of
transmitter released or the sensitivity of the
postsynaptic receptors (see ref. 104). Acti-
vating or blocking receptors for these mod-
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ulators can have dramatic effects on neu-
rotransmission and could therefore be con-
sidered critical components of the
mechanism. Nonetheless, there is very little
confusion about the essential nature of
acetylcholine or the dispensability of the
others. Of course, most investigators
understand that the same distinction is
equally valid for LTP, but it is nonetheless
sometimes insufficiently considered in
interpreting results.

Molecules may act indirectly

LTP is influenced by factors extending
beyond mediators and modulators. For
example, alterations in intermediary metab-
olism, neural development and brain cir-
cuitry can affect the induction or expression
of LTP. It is debatable whether these indi-
rect effectors affect the basic mechanism,
yet several have been studied in detail.
Slightly more complicated are manipula-
tions that may have both direct and indi-
rect effects on LTP. In one of the studies that
launched the molecular genetic analysis of
behavior, defects in LTP were detected in
hippocampi of mutant mice that lacked the
tyrosine kinase fyn®é. However, interpreta-
tion of this effect was complicated because
these mice are severely myelin-deficient and
their hippocampal neurons are morpho-
logically aberrant®:1%, |n principle, such
complexities could be resolved by condi-
tional mutagenesis (‘knocking out’ a gene
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Fig. 2. Some of the reasons why so many molecules have been implicated
in LTP. () Molecule X may be altered by some step in the LTP cascade
(shown in bold) even though it has nothing to do with LTP. (b) Molecules
may modulate the LTP cascade either directly (X or Z) or indirectly with-
out having a central or required role in the LTP cascade. (c) Some factors
can alter LTP by completely indirect means, as for example molecule
X, which has a non-specific effect on dendritic morphology throughout the
brain. (d) Molecules may be incorrectly implicated in part because the LTP
assay can give variable results, due to the number of parameters that can
affect the readout. (e) Some molecules are implicated because the actual
circuit that underlies LTP extends to many more cells and synapses than
the one being assayed by the extracellular electrode. (f) Investigators have
argued that there are multiple forms of LTP: early (E-LTP), intermediate
(I-LTP) and late (L-LTP). If the cascades that generate each of these are, in
part, nonoverlapping, this will certainly increase the number of molecules
involved. (g) Lastly, it is possible that the cellular cascade of LTP is not
based on a linear molecular cascade. If there is no core molecular pro-

Stimulusi+ A — B— C—E-LTP— |-[TP — L-LTP

gram, then there may be a very large number of molecules involved.

in a restricted subset
of cells) or inducible
transgene expression
(turning a gene on
or off at a specific
time). Indeed, the
related approach of
transgenic rescue
has been applied to
fyn1%, Nonetheless,
these methods are presently imperfect and,
to date, have not unequivocally separated
direct from indirect effects.

Amy Center

Uncontrolled variables

LTP is an electrophysiological phenome-
non, and it is usually detected and mea-
sured using intracellular or extracellular
microelectrodes. Unfortunately, physio-
logical assays are more technically demand-
ing than many biochemical assays and can
give maddeningly variable results, even in
expert hands. For LTP, the situation is espe-
cially difficult because factors as diverse as
temperature®’, time of day'%, time of
month1%, agel%®, gender!'® and social iso-
lation!10 have been claimed to affect the
outcome. For example, inhibitors of nitric
oxide synthesis abolish LTP in hippocam-
pal slices when the measurement is made
at 25°C, but have no detectable effect on
the same slices at 29°C (ref. 107). Even
seemingly well-controlled studies might
ignore some of these variables.

At least three additional complications
are potentially pertinent for molecular stud-
ies. First, LTP can be either induced or
blocked by transient anoxia, depending on
whether the insult is delivered in vivo
(before the slice is prepared) or in vitrot11.112,
Thus, not only can molecules that affect
metabolism perturb LTP indirectly, but
small changes in recording conditions (like
perfusion rate) may alter the results. Sec-
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ond, inbred strains of mice apparently dif-
fer markedly in their ability to produce LTP.
Because most transgenic and knockout
mice are maintained on heterogeneous
hybrid backgrounds, these strain differences
have been reported to confound measure-
mentst3, Thus, even though competent
labs are careful to control for untoward
variables, it is possible that the sheer num-
ber of variables that can affect a physiolog-
ical assay in a multicellular preparation like
a brain slice has made it more difficult than
in simpler systems to ferret out incorrect
molecular claims. Third, it has recently been
found that the mere act of preparing slices
from a hippocampus can induce the for-
mation of additional dendritic spines and
synapses on the pyramidal cells in which
LTP is usually recorded*4. Because LTP may
actually involve or be accompanied by for-
mation of new spinest’®, the state of the slice
may therefore be particularly critical. More-
over, some synapses that undergo LTP in
vitro may not have existed in vivo.

The brain is extremely complex

Hippocampal slices maintain, in organized
form, many elements of the hippocampal
circuit, which is, in turn, about as compli-
cated as any other part of the brain. Hip-
pocampi contain at least 12 types of
interneurons, which use at least 6 different
neurotransmitters, each of which may exert
both localized (synaptic) and diffuse effects,
and most of which affect each other’s
release’®, Even in slices, much of this cir-
cuitry is activated by stimuli commonly
used to elicit LTP, and much of it affects the
output commonly used to measure LTP.
Thus, although LTP is defined as an alter-
ation in a monosynaptic current, some of
the changes that lead to a potentiated
response may not be occurring at the
synapse (or even the type of synapse) under
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Table I. Molecules implicated in hippocampal LTP

Glutamate receptors Reference*

GluR1 1
GluR2
mGIuR1
mGIluR4
mGIuR5
mGIuR7
NMDA NR1
NMDA NR2A
NMDA NR2D

Other neurotransmitters,
neuromodulators and their receptors

0 N o O WN

norepinephrine and p-adrenergic

receptors 9
adenosine and adenosine 2A receptors 10
dopamine and D1 dopamine receptors 11
u opioid receptors 12
61 opioid receptors 12
acetylcholine and muscarinic receptors 13
GABA and GABA-B receptors 14
anandamine and CB1 cannabinoid

receptors 15
orphanin NQ and nocioceptin receptors 16
serotonin and 5HT3 receptors 17
sn-2 arachidonylglycerol (2-AG) 18
endothelin-1 19
y-hydroxybutynic acid (GHB) and

GHB receptors 20

Intercellular messengers, their

synthetic enzymes and their receptors

CcoO 21
NO 21
EGF 22
basic FGF 22
superoxide 23
neuregulin 24
erbB4 24
NGF 25
BDNF 26
TrkB 27
nNOS 28
eNOS 29
arachidonic acid 30
platelet activating factor 31

interleukin 13 32
H,S 33
B-activin 34
Calcium/calmodulin binding proteins
calmodulin 35
RC3/neurogranin 36
calretinin 37
GAP43/B50/neuromodulin 38
$100 39
lon channels

L-type calcium channels 40

olfactory cyclic nucleotide-gated channel 41

Vesicle- and synapse-associated
proteins

synaptophysin 42
a-SNAP 43
VAMP 43
rab3a 44
syntaxin 1B 45
Synapsin | 45
SNAP 25 46
PSD-95 47
Transcription factors

Retinoic acid receptor § 48
CREB 49
Krox 20 50
Krox 24 50
Adhesion molecules

ephA5 51
ephrinA5 51
NCAM 52
E-cadherin 53
N-cadherin 53
thy-1 54
telencephalin 55
L1/NgCAM 56
HB-GAM/pleitrophin 57
integrins 58
integrin-associated protein 59
tenascin-C 60
Carbohydrates

Polysialic acid 61
Ganglioside GM1 62

Ganglioside GQ1B 62
Kinases

inositol 1,4,5 -triphosphate-3-kinase 63
MAPK 64
src 65
fyn 66
ERK 67
protein kinase A CB1 subunit 68
protein kinase A RIf subunit 69
protein kinase C-gamma 70
protein kinase G 71
protein kinase M-zeta 72
CaM kinase | 73
CaM kinase Il 74
CaM kinase IV 73
ecto protein kinase 75
Proteases and their inhibitors

calpain 76
calpastatin 77
protease nexin 1 78
tissue plasminogen activator 79
plasmin 80
E6-AP ubiquitin ligase 81
Other enzymes

phospholipase A2 82
phospholipase C 83
phospholipase Cy 83
ADP ribosyl transferase 84
calcineurin 85
protein phosphatase | 86
acetylcholinesterase 87
adenylate cyclase 88
guanylate cyclase 71
Miscellaneous

Spectrin/fodrin 76
GFAP 89
Stathmin RB3/XB3 90
EBI-1 G protein-coupled receptor 91
Mas G-protein coupled receptor 92
Vesl| 93

*Because of space limitations, only a single refer-
ence is given for each molecule. In many cases,
choices are arbitrary.

investigation. Moreover, some of the effects
may not occur at synapses at all, but rather,
may be occurring in axons or glia (for
example, see ref. 89). Lastly, the common
use of extracellular recording techniques to
record LTP suggests that many different
synapses contribute to the measured poten-
tial. In short, molecules that affect hip-
pocampal circuitry in complex ways may
sometimes be mistaken for mediators of
LTP. In principle, this complexity could be
circumvented by use of dissociated cells in
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culture, but it is apparently difficult to
obtain robust LTP in such preparations.

What is a rose anyway?

LTP investigators view the process as
involving two fundamental steps (Fig. 1).
In one (induction), appropriate patterns
of stimulation predispose the synapse to
potentiation. In the other (expression), the
synaptic response is actually potentiated.
Elegant studies have led to the consensus
view that induction occurs postsynaptical-

ly and that, at least for some forms of LTP,
NMDA receptors, calcium and calcium-
activated kinases are critical (see above).
Astonishingly, however, the cellular locus
of LTP expression remains a matter of con-
troversy: the degree to which LTP results
from an increase in transmitter release, an
increased postsynaptic response or both is
unclear?’. Clearly, many LTP labs under-
stand that determining the answer to this
question is critical, but until a consensus is
reached, it seems inevitable that the field

nature neuroscience ¢ volume 2 no 7 ¢ july 1999



#A © 1999 Nature America Inc. » http://neurosci.nature.com

#A © 1999 Nature America Inc. * http://neurosci.nature.com

will continue to move in many unrelated
directions. Those who believe that the
potentiation is presynaptic debate whether
increased levels of released transmitter acti-
vate underlying receptors at the stimulat-
ed synapse or ‘spill over’ to activate
neighboring synapsest. Those who believe
that potentiation is expressed postsynapti-
cally debate whether receptor properties
are changed during LTP (for example by
phosphorylation) or whether new recep-
tors are recruited to the postsynaptic mem-
brane from intracellular stores*. Those
who believe that the postsynaptic cell sends
a retrograde signal to the presynaptic cell
debate whether that signal is focally trans-
mitted across the synaptic cleft or spreads
to distant synapses!'®.

These uncertainties complicate mole-
cular analysis in two ways. First, many
molecular studies are based on a prevail-
ing cellular hypothesis, and their value—
or, at least, their interpretation—is
inextricably linked to that of the hypoth-
esis. For example, intense interest in the
nature of gaseous retrograde messengers
has subsided recently in the wake of new
evidence that LTP is expressed postsynap-
tically. Whether this evidence will damp-
en the swing of the pre- versus post-
‘pendulun’, or whether more presynaptic
evidence will tilt the balance back again is
beyond our expertise, but we have not yet
read papers suggesting that the debate is
over. Second, judging whether particular
molecules are mediators, modulators or
indirect effectors, as defined above, often
requires knowledge of where and how the
phenomenon takes place at a cellular level.
For example, if LTP is expressed postsy-
naptically, molecules that affect transmit-
ter release would almost automatically be
relegated to modulator status. Lacking
knowledge of the site of expression, it
seems inevitable that indirect effectors or
modulators will be more often mistaken
for mediators than the other way around.

No rose goes unplucked

Finally, there are social factors that have
contributed in complex ways. During the
late 1980s, large numbers of molecular
biologists saw the opportunity to address
an issue of extraordinary fascination. In
parallel, molecular biology techniques
became so accessible that they could be
adopted by groups previously restricted to
physiological approaches. As a result, the
field grew quickly. One might imagine that
this plethora of activity would have a salu-
tory effect: promising leads could be fol-
lowed up quickly, and controversial
findings would be put to the test just as
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quickly. However, perhaps because a uni-
tary cell biological paradigm was lacking,
investigators headed off in many directions.
Moreover, the Nature of modern Science is
that negative results are not valued as high-
ly—that is, as deserving of publication in
prestigious journals—as positive results.
Therefore, the putative involvement of
some candidate molecular mediators
remains unchallenged. What may be worse,
experts tell us that the prominence of some
proponents may actually stifle critical
analysis by less-well-known individuals.
Therefore, molecules that some leading
investigators privately feel to be only
peripherally involved in the process remain
under active scrutiny by others, who are
not ‘in the know’. Indeed, although there
are numerous reviews on LTP, the lack of
candid commentary by experts prevents
outsiders from deciding the merits of the
various models.

Why so few answers?

Readers could react to Table 1 in any of sev-
eral ways. An optimist might conclude that
we are well on our way to understanding
how LTP works, separated from a coherent
view by just a few insights or a few key
molecules. Conversely, one might be
inclined to view LTP as so complicated that
it is not likely to be understood any time
soon, at least at a molecular level. A third
possibility is that molecular understanding
is indeed attainable with currently avail-
able tools, but that these tools are often not
applied in the best way. Here, we restrict
ourselves to considering whether the sec-
ond or third view has more merit.

In doing so, it may be instructive to
return to the success stories with which we
began this essay, and ask why the essentials
of some cellular neurobiological phenom-
ena seem to be ‘explained’ by a manageable
number of key molecules, whereas LTP—
which seems, a priori, to be no more com-
plicated—has not. Three differences strike
us as important.

First, molecular biologists and bio-
chemists studying action potentials, vesi-
cle release and so forth knew what they
were trying to explain. In each case, there
was a clear definition of the phenomenon
in cell biological terms and a satisfying
explanation of the mechanism at a cellular
level. Importantly, one knew what the
function of the process was: for example,
conducting information along axons for
the action potential, killing excess cells for
apoptosis. For LTP, in contrast, it has
remained a challenge to supply a clear def-
inition, description or function. Because at
least several phenomena share the name,
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one cannot specify exactly how much a
synaptic response must be increased or
how long the increase has to last to quali-
fy as LTP. One way to construct a good
working definition would be to take
account of what roles LTP has in the ner-
vous system or for the organism, but lack-
ing this knowledge, any definition is
necessarily arbitrary. It is therefore difficult
to assess the biological, as opposed to sta-
tistical, significance of perturbations.

The greatest lack, in this regard, may be
that the cellular underpinnings of LTP
remain a matter of speculation. Because
long-standing controversies (for example,
over pre- and postsynaptic loci for expres-
sion) remain unresolved, there is no uni-
tary cellular framework into which
molecular mechanisms can be integrated.
Therefore, some approaches being pursued
are almost certainly blind alleys—but it is
not easy to know which ones.

A second point is that the most satis-
fying molecular explanations of cellular
phenomena set out a core program. So
many intermolecular interactions occur
within and between cells that it is not real-
ly possible to understand them all. It is
therefore especially important to distin-
guish modulators and correlates from
mediators. For the action potential, for
example, one views the voltage-sensitive
sodium and potassium channels as core
mediators. Clearly, manipulations that
affect the lipid composition of the mem-
brane, the activity of the sodium pump or
the phosphorylation state of the channels
can affect the nature of the action poten-
tial. Yet, if we gave them equal emphasis in
our hypotheses, we probably would not
have the satisfying understanding of the
action potential that we have today.

In short, a reductionist approach
requires a difficult and sometimes painful
willingness to separate the core mediators
of an effect from its myriad modulators
and indirect effectors. Physicists call this
separating the first-order from the second-
and third-order causes. Although a firm
understanding of the cellular basis of a phe-
nomenon is prerequisite to this, sadly, it
may not be sufficient. It is conceivable that
there are no core programs for some com-
plex cellular phenomena; rather, they may
emerge from a multitude of interactions in
the same way that innumerable variables
determine whether it rains or not.

Finally, elucidating cellular and then
molecular mechanisms of important phe-
nomena requires careful choice of experi-
mental preparations and approaches. For
neurobiologists, the choices made by giants
such as Hodgkin, Huxley, Katz and Kuffler
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are instructive. Hodgkin and Huxley used
the squid giant axon to analyze the action
potential'?, Katz used the frog neuromus-
cular junction to analyze quantal release?,
and Kuffler used the crayfish neuromus-
cular junction to analyze presynaptic inhi-
bition'?? because, in each case, the
preparation was simpler and more acces-
sible than alternatives such as spinal cord
or cerebellum, and therefore allowed more
careful control of experimental conditions
and more precise measurements. For LTP,
by contrast, most studies have used hip-
pocampal slices in which numerous
synapses other than those nominally under
investigation have the opportunity to
enhance or attenuate LTP. Likewise, the
experimental methods are critical. In
assessing mechanisms of neurotransmitter
release, for example, analysis of mutant
mice lacking vesicle components has been
valuable, but as an adjunct to, not a sub-
stitute for, detailed biochemical analysis.
For LTP, enthusiasm for sophisticated
genetic techniques has perhaps come at the
expense of rigorous biochemical analysis.

General lessons

Is there going to be an intuitively satisfying
molecular explanation for LTP, and would
its elucidation help us to understand synap-
tic plasticity or memory more generally?
We do not know, and indeed the two
authors have different opinions on these
questions. e both doubt, however, that an
attempt to implicate additional molecules
in the process is going to be useful at this
stage. A fascinating paper®! suggests why.
This group assayed expression of 22 genes
that had been tagged in a program of inser-
tional mutagenesis in mice. Of these 22 ran-
domly tagged genes, 8 (36%) were
expressed at reasonably high levels in hip-
pocampal neurons. Three of these mutants
were bred to homozygosity, and hip-
pocampal slices from the mice were tested
physiologically. One of the three mutants
had a striking abnormality (an increase) in
the magnitude of hippocampal LTP. Extrap-
olating wildly from this small sample, one
might guess that up to 10% of all genes—
say 10,000 or so—when mutated, will have
readily detectable effects on LTP. How many
more would have subtle effects that
resourceful investigators could uncover is
anyone’s guess. However, this molecular
information may not provide much under-
standing until a clearer view of the cellular
phenomenon can be agreed upon.

Finally, does the story of LTP provide
insight into other emerging areas of mol-
ecular neurobiology? We think it does,
because it illuminates the problematic
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nature of the interface between cellular and
molecular explanations of biological phe-
nomena. For topics like nerve conduction
and synaptic transmission, cellular under-
standing was essentially complete before
molecular techniques were brought to bear.
The reason was historical: penetrating
investigations began before sophisticated
molecular techniques were available. Like-
wise, many components of the core pro-
grams of neurogenesis and apoptosis were
elucidated genetically, providing cellular
and even organismic understanding in
invertebrates before molecular analysis was
attempted. As a result, molecular biology
was able to have its accustomed reduc-
tionist role, in which a molecular descrip-
tion provides a satisfying explanation of a
cellular phenomenon. For LTP, in contrast,
cellular and molecular studies have pro-
ceeded in parallel. Therefore, the rules of
biological reductionism seem to have been
violated. Rather than seeking a molecular
description/explanation of a cellular phe-
nomenon, LTP investigators sometimes
seem to be seeking cellular frameworks to
make sense of their molecular findings.

Now that molecular techniques are so
powerful and widely available, other less
advanced areas of neurobiology—includ-
ing those studied in our laboratories—are
beginning to face similar challenges. No
one would want to slow the pace of mole-
cular discovery; the challenge will be to
provide continuity between molecular facts
and the biological understanding.

Note added in proof: After submission of this
manuscript, the following additional molecules have
been reported to be implicated in LTP: actin (Kim, C.
H., Lisman, J.E. A role of actin filament in synaptic
transmission and long-term potentiation. J.
Neurosci. 19, 4314-4324, 1999); amyloid precursor
protein (Seabrook, G. R. et al. Mechanisms
contributing to the deficits in hippocampal synaptic
plasticity in mice lacking amyloid precursor protein.
Neuropharmacology 38, 349-359, 1999); N-syndecan
(Lauri, S. E. et al. Regulatory role and molecular
interactions of a cell-surface heparan sulfate
proteoglycan (N-syndecan) in hippocampal long-
term potentiation. J. Neurosci. 19, 1226-1235, 1999);
and Kv1.4 (Meiri, N., Sun, M. K., Segal, Z. & Alkon,
D. L. Memory and long-term potentiation (LTP)
dissociated: normal spatial memory despite CA1 LTP
elimination with Kv1.4 antisense. Proc. Natl. Acad.
Sci. USA 95, 15037-15042, 1998).
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