Transmission Between Pairs of Hippocampal Slice
Neurons: Quantal Levels, Oscillations, and LTP

ROBERTO MALINOW™*

Long-term potentiation (LTP) of synaptic transmission after coincident pre- and
postsynaptic activity is considered a cellular model of changes underlying learning and
memory. In intact tissue, LTP has been observed only between populations of neurons,
making analysis of mechanisms difficult. Transmission between individual pre- and
postsynaptic hippocampal cells was studied, suggesting quantal amplitude distribu-
tions with little variability in quantal size. LTP between such pairs is manifested by
large, persistent, and synapse-specific potentiation with a shift in amplitude distribu-
tion that suggests presynaptic changes. Oscillations in amplitude of transmission,
apparently of presynaptic origin, are common and can be triggered by LTP.

HE INDUCTION OF LTP REQUIRES

I simultaneous activity within a popula-

tion of input cells to activate postsyn-
aptic N-methyl-D-aspartate (NMDA) recep-
tors (7). However, it has generally been
assumed that, once established, LTP is a prop-
erty of individual synapses. This notion was
challenged by a study suggesting that coactivity
within a population of neurons is required for
expression of LTP (2). I have now tested
whether LTP can be expressed between indi-
vidual CA3 and CAl neurons with the use of
whole-cell recording techniques (3, 4), meth-
ods that allow greater control of postsynaptic
membrane potential and better signal resolu-
tion than do intracellular recordings.

I studied transmission between individual
neurons in hippocampal slices by impaling a
presynaptic CA3 neuron intracellularly and
monitoring a postsynaptic CAl neuron with
a whole-cell pipette (Fig. 1A). Four such
synaptically connected pairs were studied
(5). Average synaptic currents were small
(0.57 £ 0.2 pA, mean * SEM), and the
time course of the variance did not reveal an
obvious synaptic event (Fig. 1B) (6). Am-
plitudes of presumptive synaptic events
could be estimated by integration of the
current over a fixed time window after the
capacitative coupling artifact (7). From these
measurements, density estimates of the ampli-
tude distribution, made with the use of a
Gaussian kernel (8), revealed events for which
the amplitudes were outside the range of the
noise (Fig. 1, D and E). There was a clear initial
peak that matched the density estimate of the
noise and was assumed to represent faitures of
transmission (4). Other peaks appeared dis-
tinct, with half-widths no greater than that of
the noise (9) (Fig. 1, D and E). These results
suggest that a quantal event with variance
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considerably less than that of the noise, which
in this case is about the amplitude of a quan-
tum, could be discerned (10).

Pairing presynaptic activity with postsyn-
aptic depolarization for 40 stimuli induced a
persistent potentiation of synaptic transmis-
sion (Figs. 1C and 2A). The time course of
the variance now revealed a synaptic event
with an amplitude that fluctuated more than
the noise (Fig. 1C). This potentiation was
associated with a marked change in the
density estimate, which showed a large de-
cline of failures and a shift in responses from
a skewed distribution to a more symmetric
pattern (Fig. 1F). In addition, quantal size
appeared to have increased ~50%, an
amount expected to make a small contribu-
tion to the 1000 to 2000% enhancement in
transmission. The potentiation of transmis-
sion was persistent (Fig. 2A), lasting the 1.5
hours of the dual recording. Basal synaptic
transmission, monitored through a separate
pathway onto the same postsynaptic cell,
remained relatively constant, demonstrating
that the enhancement was restricted to
transmission between the two coactivated
neurons (Fig. 2B). The percent failure rate,
estimated from the density distribution (4,
8), decreased immediately after pairing (Fig.
2C). These results were found in the four
pairs of synaptically connected cells that
demonstrated potentiated transmission after
pairing (Fig. 3). These findings are consis-
tent with those obtained in slices with the
use of stimulation for which it was uncertain
whether a single presynaptic cell was being
activated (4, 11).

The decrease in failures and shift in the
amplitude distribution with LTP could re-
sult from an increase in the probability that
a given quantum of transmitter will be re-
leased, p, or from an increase in the number
of releasable quanta, n. To determine wheth-
er changes occur in n or in p, one can
estimate these values for epochs before and
during LTP with various fitting algorithms
(12). However, data obtained with pairs of
cells or minimal stimulation (13, 4) general-

ly showed oscillatory amplitudes of trans-
mission with periods ranging from 2 to 15
min (Fig. 4). Thus, epochs with sufficient
number of values to determine n and p
showed nonstationarities, which preclude
the use of standard fitting algorithms (14).
The basis of these oscillations was exam-
ined by computation of the inverse square of
the coeflicient of variance (CV~2), which
can be an indicator of presynaptic function
(4, 11, 15). This statistic oscillated in phase
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Fig. 1. Synaptic transmission between individual
CA3 and CALl neurons displays quantal transmis-
sion and LTP. (A) Simultaneous whole-cell re-
cording from a postsynaptic CAl neuron (top)
and intracellular recording from a presynaptic
CA3 neuron (bottom). (B and C) Ten consecu-
tive synaptic currents before (B) and during (C)
LTP, with time courses of m and the variance (v)
about m of 220 sweeps. (D) Density estimates of
the peak amplitude distribution (8) of 220 con-
secutive sweeps before LTP. EPSC amplitude is
estimated by averaging over a fixed 2-ms window
at the peak of response and subtracting this value
from a fixed 2-ms window before response (7).
Noise is estimated by placing the same windows
at the baseline period. Top traces display density
estimate of the noise (half-width, 1.4 pA) and
EPSC amplitude. Lower trace is the digital sub-
traction of the noise peak from EPSC amplitude
distribution, revealing the amplitude distribution
of quantal events (half-width of first peak, 1.2
pA). (E) Density estimate using synaptic charge
(integrated current over fixed 30-ms window).
(F) Density estimates of the synaptic charge dis-
tribution of 220 consecutive sweeps before (left)
and during (right) LTP. Transmission failures are
nearly absent and there is a large shift in density
estimate to a symmetric shape during LTP. Cali-
bration bars: (A) 25 ms, 20 pA (top), 15 mV
(bottom). (B) 10 ms, 4 pA (top), 2 pA (m). (C)
10 ms, 4 pA (top), 2 pA (m).
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with the mean amplitude (m) (Fig. 4), sug-
gesting that the oscillations were in presyn-
aptic mechanisms. Furthermore, the oscilla-
tions were often more prominent in CV >
than in the mean. If the release process is
assumed to satisfy binomial statistics (at
least for short epochs), then m = npa and
CV~2 = up/(1 — p), where a is the quantal
size. Therefore, oscillations in p (rather than
in # or a) could explain this observation
because changes in p would be expected to
affect CV~2 more than they would affect m
(4, 15). In 6 of 17 cases (including cell pairs
and minimal stimulation) (Fig. 4B), these
oscillations were absent before pairing and
were triggered by the LTP-inducing pairing
protocol (16). The remainder of cases ap-
peared to show oscillations before and after
pairing (17).

The synaptic currents recorded between
individual central nervous system neurons
were generally small, but quantal events
with variance smaller than their amplitude
were readily detected. This differs from the
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Fig. 2. LTP between individual CA3 and CAl
neurons is synapse-specific and associated with a
rapid decrease in transmission failures. (A) Am-
plitude of EPSC in a CA1 cell, elicited every 4 s by
generation of an action potential in a CA3 neu-
ron. At time 0, the CA1 cell was depolarized until
large slow spikes inactivated (24). At the cell body
the voltage was about +10 mV. A presynaptic
CA3 cell was repeatedly stimulated to generate
action potentials by current pulse injection 40
times at 2 Hz. CAl voltage was subsequently
brought back to —65 mV and test stimuli were
resumed. (B) Amplitude of EPSC in the same
CALI cell as in (A), elicited by stimulation of a
separate group of axons with an extracellular
stimulating electrode. (C) Percent synaptic fail-
ures for a 3-min window, plotted every 1 min.
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Fig. 3. The increase in mean EPSC amplitude is
associated with a comparable decrease in trans-
mission failure rate. (Top) Mean EPSC for four
examples showing LTP with pairing. The EPSC
amplitude increases from 0.57 + 0.2 pA to 8.6
5 pA. (Bottom) Corresponding decrease in trans-
mission failure rate from 74 *+ 14% to 16 + 5%.

case for cultured neurons, in which synaptic
currents are considerably larger and the vari-
ance of elemental events is large compared
to the size of the event (18).

This study reports LTP between individ-
ual neurons in tissue slices, supporting the
view that activity-induced changes in trans-
mission can be localized to individual syn-
apses (19). The enhancement observed in
this study was large, persistent, and synapse-
specific. The magnitude of potentiation
could be more than tenfold, considerably
larger than the magnitudes typically seen in
population studies. Furthermore, a previous
comprehensive study (2) consistently failed
to see the expression of LTP between indi-
vidual CA3 and CALl neurons. These differ-
ential levels of potentiation may be ex-
plained by differences in the methods used
for inducing LTP. In this study, with whole-
cell access to the postsynaptic cell, the sub-
synaptic membrane potential may have
been more depolarized than in cases where
depolarization was provided by a tetanus.
Tetanic stimulation may fully depolarize,
and thereby fully potentiate, only a small
subpopulation of electrically close syn-
apses. A test synapse could easily fall out-
side this small subpopulation of synapses
that show large potentiation. Alternatively,

microelectrode recordings may bias the
sample set to pairs of cells with large, and
therefore already potentiated, levels of
transmission.

After the induction of LTP, the synaptic
responses displayed fewer failures of trans-
mission and shifted from a skewed to a
symmetric amplitude distribution, changes
most easily explained by a presynaptic in-
crease in the number of vesicles available for
release or the probability that a vesicle will
be released (4, 11). In addition, there was a
small change in quantal size, allowing for
some postsynaptic modification.

Oscillations in the size of the response
were observed that appear to be of presyn-
aptic origin and that can be triggered by
LTP-inducing stimuli. These fluctuations
resemble periodic release of quanta at the
neuromuscular junction (20) that are hy-
pothesized to result from oscillations in in-
tracellular Ca®?* (21) at the prejunctional
terminal; these oscillations, in turn, are
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Fig. 4. Oscillations in the amplitude of transmis-
sion and presynaptic function. Time course of
mean response and CV~2 for three experiments
with (A) intracellular stimulation of presynaptic
CA3 cell or (B and C) minimal stimulation. Each
point in the graphs represents the mean (upper
curve) or CV~2 (mean?/variance) (lower curve)
(4) of a moving window of 50 (A and B) and 25
(C) values. Pairing of presynaptic activity with
postsynaptic depolarization at time 0 as described
for Fig. 2. Oscillations begin after the pairing
protocol in B. The period of the oscillations was
independent of the window size, but oscillation
amplitudes and CV~2 values tended to diminish
as the window size approached the size of the
period. Consequently, oscillations of period less
than ~2 min would not be detectable with this
averaging method.
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thought to affect the probability of quantum
release (22). Because LTP is triggered
postsynaptically (23), after its postsynaptic
induction a retrograde messenger could be
released, affecting presynaptic Ca®>* homeo-
stasis and yielding Ca?* oscillations and
increased transmitter release. It is possible
that different synaptic inputs active during
the induction of LTP become associated by
showing synchronized, oscillating potentiat-
ed transmission.
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Effect of Light Chain V Region Duplication on IgG
Oligomerization and in Vivo Efficacy

WALTER SHUFORD, HOWARD V. RAFF, J. WILLIAM FINLEY,
JaMES ESSELSTYN, LINDA J. HARRIS*

A human immunoglobulin G, (IgG,) antibody oligomer was isolated from a trans-
fected myeloma cell line that produced a monoclonal antibody to group B streptococci.
Compared to the IgG; monomer, the oligomer was significantly more effective at
protecting neonatal rats from infection in vivo. The oligomer was also shown to cross
the placenta and to be stable in neonatal rats. Inmunochemical analysis and comple-
mentary DNA sequencing showed that the transfected cell line produced two distinct
kappa light chains: a normal light chain (L,,) with a molecular mass of 25 kilodaltons
and a 37-kilodalton species (L3,), the domain composition of which was variable-
variable-constant (V-V-C). Cotransfection of vectors encoding the heavy chain and L;,,

resulted in production of oligomeric IgG.

OTH IMMUNOGLOBULIN M (IGM)

and IgG antibodies can enhance phag-

ocytic clearance of microbial patho-
gens. Each immunoglobulin class has
unique properties, which if appropriately
combined could result in an antibody with
improved characteristics. Because of their
pentameric structure, IgM antibodies can
exhibit higher avidity binding to antigen
than IgG antibodies with identical intrinsic
affinities. Activation of complement compo-
nent C1 requires multivalent binding of the
Clq subunit of Cl. Such binding can be
provided by a single pentameric IgM mole-
cule or at least two IgG molecules in close
proximity (). Therefore, on a per molecule
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basis, IgM antibodies are often more effi-
cient opsonins. IgG antibodies, however,
have the advantages of extended in vivo
half-life and, because of their ability to in-
teract with Fc receptors, cross the placenta
and contribute to neonatal immunoprophy-
laxis (2). A human IgM monoclonal anti-
body (MAb) was developed as a potential
immunotherapeutic agent for neonatal bac-
terial sepsis caused by group B streptococci
(GBS) (3). To compare the in vitro and in
vivo activities of IgG, and IgM forms of this
antibody, we used recombinant DNA tech-
niques to produce both antibody classes.
During the production of the IgG, antibod-
ies, an oligomeric IgG was formed that
appears to have combined some of the de-
sirable characteristics of both IgM and IgG
antibodies. We now compare the molecular
composition and functional properties of
the oligomeric and monomeric IgG anti-
bodies.

The vector pNkAL.1 consists of a com-
plete kappa (k) light (L) chain gene derived
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