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Tetanic stimulation of the CA1 region of rat hippocampal slices
can induce vy frequency population oscillations (30-100 Hz)
after a latency of 50-150 msec that are synchronized to within
1-2 msec when simultaneous stimuli are delivered to two sites
2 mm or more apart. When tetanic stimuli, twice-threshold for
eliciting vy oscillations, are used, new phenomena occur. (1)
After a period of v, there is a switch to B8 frequencies (10-25 Hz);
(2) during the switch, pyramidal cell spike afterhyperpolariza-
tions (AHPs) increase and rhythmic EPSPs occur in pyramidal
cells; and (3) after an episode of single-site, twice-threshold-
induced /B oscillations, simultaneous two-site threshold stim-
uli induce vy oscillations that are locally synchronized, but no
longer are capable of long-range synchrony. We studied the
cellular mechanisms of the /B switch with electrophysiological
techniques and computer simulations. Our model predicts that
the observed increases in both pyramidal cell AHPs and in
pyramidal/pyramidal cell EPSPs are necessary and sufficient for
the B switch to occur. Firing patterns generated by the model,

both for pyramidal cells and for interneurons, resemble exper-
imental records. A one-site twice-threshold stimulus might lead
to an inability of the two sites to synchronize at y frequencies,
after subsequent two-site stimulation, via this mechanism. If
depression is induced at synapses coupling pyramidal cells at
one site to interneurons at the other site, then two-site stimu-
lation cannot produce interneuron doublets; hence, as shown
previously, the two sites will be unable to synchronize. This
mechanism works in simulations, and we provide experimental
evidence that synaptic depression and loss of doublets occur
after a sufficiently strong local tetanus to one site. We suggest
that long-range excitatory connections onto interneurons de-
termine whether different pyramidal cell “assemblies” can syn-
chronize at y frequencies, whereas excitatory connections onto
pyramidal cells determine whether such assemblies can syn-
chronize at B frequencies.

Key words: synaptic plasticity; memory; interneurons; 40 Hz
oscillation; hippocampus; EEG

v oscillations (>25 Hz) have been found in vivo in various limbic,
olfactory, and neocortical structures, occurring spontaneously, in
response to sensory stimulation, in association with motor per-
formance, or after electrical stimulation of certain brainstem and
diencephalic nuclei [for review, see Gray (1994) and Singer and
Gray (1995); see also Ribary et al. (1991), Murthy and Fetz
(1992), Barth and MacDonald (1996), Steriade and Amzica
(1996)]. It is possible that y oscillations play an important role in
information processing, either by providing a means for “coinci-
dence detection” (Konig et al., 1996) or by other cellular mech-
anisms. 3 oscillations (10-25 Hz) have also been recognized in
cortical structures (Leung, 1992), for example, during a sensori-
motor task (Roelfsema et al., 1997), but also in humans taking
sedative drugs (Glaze, 1990). A shift from vy to B frequencies has
been observed in human neocortical event-related potentials
(Pantev, 1995, his Fig. 5). The functional significance of B fre-
quency oscillations is unknown, and the mechanisms of different
sorts of B oscillations may not be identical.
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The evidence supporting a functional role for vy oscillations is
intriguing, yet also circumstantial. Better understanding of the
cellular mechanisms of both y and B oscillations may prove
important, insofar as it could lead to means of manipulating the
phenomenon in transgenic animals and observing the conse-
quences. An analogous program has been initiated with NMDA
receptor-mediated long-term potentiation (LTP) (McHugh et al.,
1996).

As in the study of epileptogenesis, brain slices have proven to
be useful in elucidating the cellular mechanisms of y-frequency
neuronal oscillations, although it remains to be proven that the
mechanisms operative in vitro are the same as those operative in
vivo. Briefly, we know that what happens in the CA1 region of rat
hippocampal slices is as follows.

(1) Pharmacologically isolated networks of interneurons, pre-
sumably including basket cells, oscillate synchronously during
tonic activation of interneuronal metabotropic receptors, the fre-
quency and synchrony being regulated by interneuron — inter-
neuron GABA, receptor-mediated synaptic connections (Whit-
tington et al., 1995; Traub et al., 1996a). This type of synchrony
does not extend over long distances, and 1.2 mm is an upper
bound on the distance over which “interneuron network y” syn-
chrony can extend in the rat CAl region in vitro (Whittington et
al., 1997a).

(2) Tetanic stimulation can elicit, after a delay of tens of
milliseconds or more, a vy oscillation extending ~400 wm from the
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stimulus (Colling et al., 1998). This “pyramidal/interneuron net-
work y” (PING) is associated with population spikes; in addition,
interneurons and pyramidal cells fire in phase, to within a few
milliseconds. During PING, both cell types experience a long
(hundreds of milliseconds or more) and large depolarization,
mediated—at least in pyramidal cells—mainly by metabotropic
glutamate receptors (Whittington et al., 1997a). The vy oscillation
is not time-locked to the stimulation.

(3) PING is capable of synchronizing to within 1 or 2 msec,
over distances up to 4.5 mm, when two sites are tetanically
stimulated together. This occurs despite an estimated pyramidal
cell axon conduction velocity of 0.5 m/sec (hence conduction time
for 4.5 mm = 9 msec), and despite the fact that basket cell axons
extend only ~500 um in either direction from the cell body (Buhl
et al., 1994a). After two-site stimulation, but not after one-site
stimulation, interneurons often fire in spike doublets, with in-
tradoublet intervals of ~5 msec.

(4) Long-range synchrony of PING actually requires the occur-
rence of doublets in network simulations, the latter indicating
that the second spike of the doublet, but not the first, is induced—
via AMPA receptors—by the synchronized pyramidal cell spike
(Traub et al., 1996b; Whittington et al., 1998). AMPA receptor
blockade eliminates long-range synchrony of PING, consistent
with this prediction (Whittington et al., 1997a). The mechanisms
by which interneuron doublets favor long-range synchrony have
been analyzed theoretically by Ermentrout and Kopell (1998).
The fact that two-site stimulation is necessary for interneuron
doublets to occur suggests that long-range pyramidal cell —
interneuron connections contribute critically to the generation of
the interneuron doublets.

(5) When PING is evoked by an especially strong tetanic
stimulus (twice-threshold intensity, designated 2XT, compared
with threshold stimuli, designated 1XT), the vy oscillation is fol-
lowed by a relatively abrupt transition to a period of synchronized
B oscillation (10-25 Hz); here, “threshold” means “threshold for
evoking the vy oscillation.” This occurs with either one-site or
two-site stimulation, and in the latter case the B is synchronized
between the two sites. During B, a y rhythm continues in the
interneurons, detectable as a ripple in the field potential and as
y-frequency IPSPs in pyramidal cells (Whittington et al., 1997b).

(6) During the y — B transition in vitro, two events are notable
in pyramidal cells: a return toward normal of fast-spike afterhy-
perpolarizations (AHPs) (which are largely blocked during vy
itself, presumably because of the action of metabotropic gluta-
mate receptors), and the development of B-frequency, AMPA
receptor-dependent EPSPs, which can reach >5 mV in ampli-
tude. During B itself, pyramidal cells sometimes fire spike dou-
blets, and population spike doublets also can occur, a phenome-
non that is rare during <y oscillations in the CAl region
(Whittington et al., 1997b); population spike doublets can occur,
however, during vy oscillations in the subiculum (Stanford et al.,
1998).

(7) A single administration of 2X T stimulation produces long-
lasting changes at synaptic and network levels. For a period of
hours, a subsequent 1XT stimulation leads to rhythmic EPSPs in
pyramidal cells, as well as to a B oscillation after the initial y
oscillation. If the 2XT stimulation is given to both sites simulta-
neously, subsequent 1XT stimulation (simultaneously to both
sites) leads to y followed by B at the two sites, with both oscilla-
tions synchronized between the two sites. Most remarkably, if a
single administration of 2XT stimulation is given to one site only,
subsequent 1X T stimulation at the two sites leads to vy oscillations

J. Neurosci., February 1, 1999, 79(3):1088-1105 1089

that no longer are capable of synchronizing together (Whitting-
ton et al., 1997b).

The aims of the present study are these: (1) to develop a
detailed network model that replicates the known physiology of in
vitro vy oscillations, including interneuron doublets (the model
should contain about as many neurons as in the experimental
preparation and also contain different physiological/anatomical
types of interneurons); (2) to demonstrate the predictive power of
this model, by comparing the effects of blocking pyramidal cell —
interneuron connections at one site, in model and experiment
[the latter performed with joro spider toxin, a blocker of certain
interneuron AMPA receptors (Iino et al., 1996)]; (3) to show in
the model that the development of EPSPs and simultaneous
increases in pyramidal cell spike AHPs are sufficient to account
for the abrupt y — B frequency transition (this idea was tested
experimentally by blocking EPSPs, using pressure ejection of
NBQX); and (4) to offer a hypothesis about why one-site 2XT
stimulation prevents future synchronization of -y oscillations and
to present experimental evidence that supports this hypothesis.

Our data will suggest a more general hypothesis concerning a
role for oscillating neuronal assemblies in memory.

MATERIALS AND METHODS
Experimental methods

Transverse dorsal CAl hippocampal slices 400-450 um thick were pre-
pared from brains of 24 Sprague Dawley rats (200-250 gm) that were
killed by cervical dislocation followed by decapitation. Slices were main-
tained at 34-35° at the interface between warm, wetted 95% O,-5% CO,
and artificial CSF (ACSF) containing (in mm): NaCl 135, KCI 3,
NaHCOj; 16, NaH,PO, 1.25, CaCl, 1.5-2, MgCl, 0.8, p-glucose 10.

To evoke oscillations, tetanic stimuli were delivered to stratum oriens
at either of two sites (CAla and CAlc; separation, 1.5-3 mm) or to both
sites together. Each stimulus consisted of 20 pulses, 50 usec duration, at
100 Hz. In each slice, the stimulus voltage was adjusted to be either
threshold for evoking an oscillation (1XT; value, 4-12 V) or twice-
threshold (2XT). Four different combinations of sites and stimuli were
used: (1) 1XT to one site; (2) 1XT to both sites; (3) 2XT to one site; and
(4) 2XT to both sites. In the same slice, at different times, one or another
combination could be used, but we did not apply 1XT stimulation at one
site simultaneously with 2XT stimulation at the other site. Extracellular
field potentials were recorded at the two sites in stratum pyramidale with
glass microelectrodes filled with 2 M NaCl (1-5 MQ).

Intracellular recordings were taken from presumed pyramidal cells and
interneurons in stratum pyramidale, distinguished by physiological cri-
teria as described in Whittington et al. (1997a). Glass micropipettes were
filled with 2 M potassium acetate or methylsulfate (30-65 M(). Record-
ings were digitized and analyzed using a CED analog/digital converter
and associated software, including Spike2 (Cambridge, Electronic De-
sign, Cambridge, UK).

In some experiments, drugs were puffed (pressure ejected) onto the
tissue, using a glass micropipette with the tip broken (100-500 k) and
a pressure of 60 psi for 50-150 msec. Drugs were dissolved in ACSF,
including 20 um NBQX (Tocris) and 0.1 um joro spider toxin (RBI,
Natick, MA; Sigma, St. Louis, MO). NBQX was puffed onto stratum
oriens at a position approximately midway between the two stimula-
tion sites. Joro toxin was puffed onto stratum pyramidale near one
stimulation site.

Simulation methods

General comments on modeling large neuronal populations. The experi-
mental observations in this study are not readily distilled into a single
number, such as a relaxation time constant or a reversal potential.
Rather, they consist of firing patterns generated by a large population of
neurons. How, then, can one compare simulation results with experi-
ments? This is a familiar issue in the physics of many interacting
elements (phase transitions, turbulence). We are likewise seeking to
replicate and understand the behavior of a complex system. Our ap-
proach involves three elements.
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(1) Model neurons should fire singlets, doublets, or bursts in situations
in which corresponding real neurons do. The frequency of firing of
pyramidal neurons and of interneurons should agree with the experi-
ment. These features are what we shall mean by “firing patterns.” In the
future, when there is a deeper understanding of the oscillations, more
subtle characteristics of the data may become amenable to analysis.

(2) When simulation traces differ from experimental ones in some
detail, as in the shape of an afterpotential, the reason should be expli-
cable, and one should be able to show that this difference is not critical
when it comes to determining firing patterns. We cannot claim to repro-
duce every single aspect of the experimental recordings, so that simula-
tion and experimental data are indistinguishable. To show that some
features of the simulation data are not critical for determining firing
patterns, it is helpful to construct a “reduced” model (although this
remains to be accomplished for B oscillations). For example, the exis-
tence of interneuron doublets and their importance for long-range vy
synchrony was predicted with a model using multicompartment neurons
and a deterministic (and not very realistic) connection topology (Traub
et al., 1996b). After experiments showed that interneuron doublets
actually existed and were important in two-site synchronization (Traub
et al., 1996b; Whittington et al., 1997a), Ermentrout and Kopell (1998)
captured the essential physics of doublets in a model with only four
single-compartment neurons. In this way, Ermentrout and Kopell (1998)
highlighted the essential features of the system (the axon conduction
delay between the sites, the precision and strength of synaptic excitation
of interneurons), and one could learn also which features are not essential
(e.g., the exact shape of the synaptic potentials), at least those that are not
critical for this problem. In a similar way, simplified models exist for
related phenomena, including interneuron network vy (Wang and
Buzsaki, 1996; White et al., 1998); analysis of such models provides clues
about which parameters in the system are most critical for shaping the
oscillation.

(3) The model must be predictive. The predictions can take several
forms. (1) If the model is adjusted in some way to replicate the firing
patterns of one sort of cell (e.g., pyramidal cells), then the firing patterns
of the other sort of cells (e.g., interneurons) should be appropriate (see
Figs. 4, 5). (2) A change in an identified parameter (e.g., the AMPA
receptor-mediated conductance on a population of interneurons) should
lead to a defined change (or lack of change) in firing patterns (see Fig. 3).
(3) Conversely, a known change in firing pattern may imply a change in
some particular parameter (see Figs. 10, 11). All of these types of
prediction are experimentally testable.

This general approach has been used to study not only -y oscillations in
vitro, including the effects of anesthetic agents (Whittington et al., 1998),
but also in vitro epileptogenesis (Traub et al., 1993, 1995).

Overall model structure. The model contained 3072 pyramidal cells
(arranged in a 96 X 32 array), and 384 inhibitory cells, arranged in four
rows, each containing 96 interneurons. The first of these rows consisted
of “basket cells,” the second of “axo-axonic cells,” the third of “bistrati-
fied cells” (Halasy et al., 1996), and the fourth of “oriens/lacunosum-
moleculare (o/lm) cells” (Sik et al., 1995). The row-dimension (96 cells)
is taken to represent a length along CA1 stratum pyramidale of 1.92 mm.
Pyramidal cell axons are allowed to contact cells anywhere in the array,
but interneurons can contact only cells within some specified distance of
the cell body (Fig. 1; see also below).

Intrinsic cell properties. For pyramidal cells, we began with a multicom-
partment CA3 pyramidal cell model (Traub et al., 1994). This model is a
refinement of an earlier model based, in part, on voltage-clamp data
(Traub et al., 1991). The soma-dendritic membrane contains the follow-
ing active conductances: fast gy, a single type of high-threshold nonin-
activating g, , a “delayed rectifier” gy, a transient “A” type of gi, a slow
Ca?*-dependent 8x(anp)> and the faster voltage- and Ca?*-dependent
8x(cy- Other conductances were not simulated: persistent gy, and several
types of g, and g, including the M conductance. This single-cell model
can generate intrinsic bursts in response to current pulses or sustained
dendritic currents and the transition from low-frequency bursting to
higher frequency single spikes as the soma is depolarized. It does not
always accurately reproduce spike afterpotentials, probably because of
the incomplete repertoire of conductances. g, density was multiplied by
0.5 to reduce the tendency to intrinsic bursting. In addition, gxamp)
density was reduced to 25% of its usual value during the y oscillation
[simulating one effect of metabotropic glutamate receptors, which are
known to be activated during tetanically induced vy activity (Whittington
et al.,, 1997a)], but this density returned to its usual value during the
oscillation. This is in accordance with experimental observations on the
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pyramidal cells
96 cells = 1.92 mm

32 cells
interneurons
96 cells = 1.92 mm
4 cells
1.00 mm
Figure 1. Structure of CAl network model. The model consists of two

interconnected arrays. The pyramidal cells (e-cells, top) are arranged in a
96 X 32 array, representing 1.92 mm along the long axis. Pyramidal cells
contact other cells (pyramidal cells and interneurons) with probability
that is independent of distance. The four types of interneurons (i-cells,
bottom)—axo-axonic cells, basket cells, bistratified cells, and o/Im cells—
are laid out in four lines of 96 interneurons each, one line for each type
of interneuron. Interneurons contact other cells (either pyramidal cells or
interneurons, except that axo-axonic cells do not contact interneurons),
with probability that is uniformly random but subject to a constraint:
presynaptic and postsynaptic cells must lie within 500 um of each other
along the long axis.

recovery of fast-spike AHPs during the /B transition (Whittington et al.,
1997b), together with our presumption that slower AHPs recover as well.
Recovery of fast-spike AHPs may result from a wearing off of the
metabotropic glutamate receptor-mediated suppression of 7, (Charpak
et al., 1990), or some other relatively fast K current, but metabotropic
glutamate receptors also suppress Iianp, (Charpak and Giéhwiler,
1991), and this conductance would be expected to recover as well. (Note
that we cannot simulate time-dependent changes in gy, because this
conductance is not included in the single-cell model, but fast AHPs
should not significantly influence the B oscillation, whose frequency is
10-25 Hz (period 40-100 msec). Slow AHPs, on the other hand, could
well influence the B oscillation by causing pyramidal cells to “skip beats”
of the underlying vy activity that persists during 3; see below).

For interneurons, we began with the multicompartment model of
Traub and Miles (1995), but we multiplied dendritic gy, and g densities
by 0.1 to allow for the low probability in CAl of a single pyramidal cell
spike causing an interneuron spike. In our simulations, the different sorts
of interneurons had identical intrinsic properties, although their connec-
tivity patterns and postsynaptic actions were different. We judged that
insufficient data exist to justify distinguishable models of the various
interneuron intrinsic properties and that the additional complexity was
not justified for this stage of the model.

Both pyramidal cells and interneurons were excited with a constant or
slowly varying excitatory synaptic conductance, intended to represent
cellular excitation mediated by metabotropic receptors (Guérineau et al.,
1995; Whittington et al., 1997a). In the model, this conductance had a
reversal potential of 60 mV positive to resting potential. For pyramidal
cells, the total conductance was 55-60 nS in some cases and 60-62 nS in
other cases. The conductance was chosen to be large enough so that the
cells would fire on all or almost all y waves, as observed experimentally
(Whittington et al., 1997a). The conductance was spread over the distal
basilar dendrites and the apical dendrites [levels 1 and 5-11 in Traub et
al. (1994)]. For interneurons, the total “driving” conductance was 10.0—
10.2 nS, distributed over levels 3-5 and 9-11 (Traub and Miles, 1995,
their Fig. 1). Again, this conductance was chosen to be large enough so
that the interneurons would fire on each y wave.

Synaptic connectivity. Pyramidal cells could contact other neurons
(either other pyramidal cells or interneurons) with a probability that was
independent of location of either presynaptic or postsynaptic cell. This
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rule did not take into account the known anatomical asymmetry of CA1l
pyramidal cell connections, when axons running toward the subiculum
are compared with axons running toward CA2 (Tamamaki and Nojyo,
1990). (The anatomical asymmetry has so far not been shown to have
physiological consequences for two-site tetanically evoked oscillations, in
that systematic differences have not been noted between stimulating one
end of CA1 vis-a-vis the other.) In contrast to pyramidal cells, interneu-
rons could only contact other cells (either pyramidal cells or interneu-
rons) that were within 25 cell diameters (500 wm) of the presynaptic
neuron, measuring along the long axis of the model array and ignoring
the short axis. Within this “allowed region” for contacts, all connections
had equal probability. The connectivity patterns of the different sorts of
interneurons were identical, in a statistical sense. The latter two details of
interneuron connectivity do not accord precisely with known anatomy,
but our scheme does capture the relative spatial localization of interneu-
ron synaptic outputs vis-a-vis pyramidal cell outputs.

Each pyramidal cell received synaptic input from 30 other pyramidal
cells. Connections from one pyramidal cell to another were made to a
single compartment in the basilar dendrites of the postsynaptic cell
(Deuchars and Thomson, 1996); in reference to Traub et al. (1994),
allowed contact sites were in levels 2 and 3. The mean connection
probability, 30/3072 = 0.98%, is similar to the connection probability
(9/989 = 0.91%) estimated by Deuchars and Thomson (1996).

Each interneuron received synaptic input from 150 pyramidal cells.
The contact sites were single compartments (Buhl et al., 1994a) in levels
1, 2, and 6-8 (Traub and Miles, 1995).

Each pyramidal cell received synaptic input from a total of 80 inter-
neurons, 20 of each type [i.e., basket (Buhl et al., 1994a), axo-axonic
(Buhl et al., 1994b), bistratified, o/Im]. Basket cells contacted the peri-
somatic region (levels 3-5), axo-axonic cells contacted the axon initial
segment, bistratified cells contacted the middle and distal basilar den-
drites (levels 1 and 2) and the middle apical dendrites (levels 6-9), and
o/lm cells contacted the distal apical dendrites (levels 10-11). Except for
axo-axonic cells, the synaptic contacts were spread over all of the com-
partments in the respective levels.

Each interneuron received synaptic input from a total of 60 interneu-
rons, 20 of each type, except for axo-axonic cells, which do not appear to
contact other interneurons (Buhl et al., 1994b). Interneuron contacts
took place on single compartments in the proximal dendrites, levels
3 and 5.

Synaptic actions. Only AMPA and GABA , receptor-mediated actions
were simulated for connections between neurons. AMPA receptor-
mediated conductances had a reversal potential 60 mV positive to resting
potential, and GABA, receptor-mediated conductances had a reversal
potential —15 mV relative to resting potential. The time course of the
unitary synaptic conductances (in nS) were as follows: (1) pyramidal cell
— pyramidal cell: g X ¢ X (Y, g ranging from 0.0 to 3.45 (and ¢ in
msec); (2) pyramidal cell — interneuron: 2 X ¢ X e~ ' (this scaling
constant of 2 allows the interneuron to develop doublets when enough
presynaptic neurons are firing synchronously); (3) axo-axonic cell or
basket cell — pyramidal cell: jump to 1.5 nS over 1 time step, then
exponential decay with time constant 10 msec (Traub et al., 1996a); (4)
bistratified cell or o/Im cell — pyramidal cell: jump to 1.5 nS over 1 time
step, then exponential decay with time constant 50 msec (Pearce, 1993);
(5) basket cell — interneuron: jump to 2.0 nS over 1 time step, then
exponential decay with time constant 10 msec; and (6) bistratified cell or
o/Im cell — interneuron: jump to 0.2 nS over 1 time step, then exponen-
tial decay with time constant 50 msec.

When several presynaptic cells fire, and these presynaptic cells contact
the same compartment of the postsynaptic cell, then the resulting con-
ductances are simply added together. There are saturation effects (in
place for the sake of numerical stability): GABA, conductances cannot
exceed 8 nS/compartment on interneurons; AMPA conductances cannot
exceed 8 nS/compartment on pyramidal cells or 5 nS/compartment on
interneurons. We did not simulate time-dependent synaptic depression
or facilitation.

Axon conduction velocity was 0.5 m/sec for pyramidal cell axons
(Colling et al., 1998) and 0.2 m/sec for interneuron axons (Salin and
Prince, 1996).

Noise in the system was simulated by having random ectopic spikes,
originating in axons, with Poisson statistics and independently in differ-
ent cells: averaging 1 ectopic spike per 10 sec in pyramidal cells and 1 per
5 sec in interneurons. These ectopic spikes propagate both antidromically
and orthodromically to cause spontaneous synaptic potentials.
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The program saved the somatic potential of selected pyramidal cells
and interneurons and local average potentials (of 224 pyramidal cells or
of 28 interneurons) at two sites, one at either end of the array (locations
5 and 91 along the long axis of the array).

Simulations were run for 1.5-2 sec of “neuronal” time. Time-
dependent parameter changes, such as for EPSC amplitude or ggamnp)
amplitude, took place over an interval in the middle of this time period.
Neuronal activity is illustrated either for steady-state activity at the end
of a run or for a time period spanning the interval of parameter changes,
i.e., the interval over which the /B transition takes place. Autocorrela-
tions and cross-correlations were computed for intervals of at least 200
msec for vy activity and 800 msec for 8 activity.

The code was written in FORTRAN with extra instructions for a
parallel supercomputer, an IBM SP2 with 12 nodes. The approach to
adapting a network algorithm to a parallel machine is described in Traub
et al. (1995). The pseudo-random number generator used was part of an
IBM software package, ESSL. The differential equations were integrated
using a second-order Taylor series method [described in Traub and Miles
(1991)], with a fixed integration step, 2.5 usec for pyramidal cells (Traub
et al.,, 1994) and 1.25 psec for interneurons (Traub and Miles, 1995). In
the original studies of single cells, a range of integration steps was tried,
and the values used here were shown to yield stable results. Simulations
took ~1 hr to run per 100 msec. (For details about the code, contact
r.d.traub@bham.ac.uk.)

RESULTS

Validation of network model

Simulation of vy oscillations evoked by one- and

two-site stimulation

Before using the network model to study B oscillations, it was
necessary to show that it could replicate the basic physiology of y
oscillations. First, it was shown by tonically exciting the interneu-
rons alone and by disconnecting the pyramidal cells that the
interneuron subnetwork would generate y-frequency oscillations
that were locally synchronized but could not synchronize to
within 1 msec across the 1.92 mm extent of the array (data not
shown). This result is in agreement with previous experimental
and simulation results (Whittington et al., 1997a). In part, this
result implies that with the parameter choices used, the isolated
interneuron subnetwork’s behavior is dominated by IPSCs whose
TcaBa(a) 18 10 msec, rather than the longer-duration IPSCs
induced by the dendrite-contacting interneurons.

We next stimulated pyramidal cells and interneurons simulta-
neously, with tonic excitatory conductances, either in one-half of
the array (to simulate one-site stimulation) or in the whole array
(to simulate two-site stimulation) (Fig. 2). The following experi-
mental features (Traub et al., 1996a,b; Whittington et al., 1997a)
of tetanically evoked y oscillations were thereby replicated. (1)
Both pyramidal cells and interneurons fired at vy frequencies,
gated by GABA , IPSPs; (2) interneurons fired in doublets after
two-site stimulation but not after one-site stimulation; (3) there
was synchrony both locally and across the array (phase lag 1 msec
for two-site stimulation), the latter a consequence of interneuron
doublet firing; (4) pyramidal cells fired approximately in phase
with interneuron singlets during one-site stimulation (mean lag
from pyramidal cell to interneuron, 1.3 msec), and with the first
spike of the interneuron doublet during two-site stimulation
(mean lag from pyramidal cell to interneuron 2.8 msec); and (5)
the oscillation frequency was faster during one-site stimulation
(62 Hz) than during two-site stimulation (41 Hz), again, a con-
sequence of interneuron doublet firing during the latter case.

These features have been replicated in the previously used
“chain” model of five cell groups in a row (Traub et al., 1996a,b;
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A

2-site stimulation

AN

pyramidal cell 2

AN

pyramidal cell 1

Figure 2. Network model generates locally
synchronized vy oscillation with interneuron
singlets and globally synchronized oscillation
with interneuron doublets. The network was
simulated according to two paradigms. To
represent two-site stimulation, driving con-
ductances were applied to all of the neurons
(60 + x nS total for e-cells, x ranging from 0 to
2.0 nS; and 10 + x nS for i-cells, x ranging
from 0 to 0.2 nS). To represent one-site stim-
ulation, the same conductances were applied,

but to cells in the left half of the array only. B

Pyramidal cells did not excite each other, and 04
maximal ggappy Was 0.25 X its standard

value. A4, Intracellular potentials. With two-

site stimulation (left), pyramidal cells on the

basket cell 1

right (e-cell 2) and left (e-cell 1) of the array -

oscillate synchronously. Interneurons fire
doublets, or singlets followed by an EPSP,
and the first spike in the doublet is approxi-
mately in phase with nearby pyramidal cells.
With one-site stimulation (right), interneurons
fire singlets only. B, Autocorrelations and
cross-correlations of local averages of e-cell
voltages (224 cells). With two-site stimula-
tion, the two-site cross-correlation peak is at
1 msec. Note that oscillation frequency is
higher with one-site stimulation (right, 62 Hz)

i
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_

100 ms
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1-site stimulation

pyramidal cell 2

pyramidal cell 1

basket cell 1

50 mV

0.4

than with two-site stimulation (left, 41 Hz). 30
These results are in agreement with experi-

mental data on in vitro vy oscillations (Traub et

al., 1996a,b; Whittington et al., 1997a).

Whittington et al., 1997a), with the exception of (2), the specificity
of interneuron doublet-firing for two-site (but not one-site) stim-
ulation. The reason for this improved specificity of the present
model is simple: there are long-range excitatory connections in
the present model but not in the chain model. Instead, an inter-
neuron in the chain model receives excitatory inputs from pyra-
midal cells in its own group and from pyramidal cells in imme-
diately neighboring group(s). In the chain model, during a
synchronized oscillation, the total excitatory input received by the
interneuron will be the same, whether three groups or five groups
are oscillating. However the unitary AMPA conductance is cho-
sen, the interneuron either fires doublets (for a large conduc-
tance), or it does not (for a small conductance). On the other
hand, when there are long-range excitatory connections, as well as

............. Autocorrelation

1 r— !
30 ms -30 0 30 ms

Cross correlation

local ones, then there is a range of unitary AMPA conductances
such that (1) a local oscillation cannot induce doublets, but (2) a
more global oscillation can.

We note that doublet firing by interneurons during CAl two-
site synchronized vy oscillations is reminiscent of y-frequency
bursts in neocortical neurons, morphologically identified as aspiny
(hence presumably inhibitory) cells (Steriade et al., 1998).

The simulations in Figure 2 were performed without recurrent
excitation between pyramidal cells; such interactions do not ap-
pear to be necessary for vy oscillations in CAl. Nevertheless, as
Figure 4 will show, synchronized vy oscillations can also exist in
our model when there is recurrent pyramidal/pyramidal cell
excitation, provided it is not too powerful.

We will present evidence that the long-range excitatory con-



Traub et al. « y — B Frequency Shift

A B

model

pyramidal cell
u) control

40 mV|

100 ms

pyramidal cell
joro toxin

ii i

40 mV|

nections onto interneurons are important for understanding the
two-site y desynchronization that follows twice-threshold stimu-
lation of a single site.

Effects of joro spider toxin

Joro toxin relatively selectively blocks AMPA receptors lacking
the GluR-B (GIluR2) subunit. Such AMPA receptors are Ca>*
permeable and are more prevalent on interneurons than on py-
ramidal cells (Geiger et al., 1995; Iino et al., 1996), so that the
toxin is relatively specific for interneurons. Experimental appli-
cation of joro toxin during a tetanically evoked oscillation and
simulation of its effects allow a further test of the model. Based on
our understanding of the oscillation mechanisms, blockade of
interneuron AMPA receptors in one region should lead to loss of
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experiment

Figure 3. Effects of locally applied joro
toxin on oscillations evoked by two-site
stimulation: model and experiment. 4, Sim-
ulation. The effect of locally applied joro
toxin was simulated by blocking AMPA re-
ceptors on interneurons in the left half of

il
i

interneuron
U J JUJJH control

100 ms
interneuron
) V joro toxin

the array. Near-uniform tonic excitatory
conductances were applied to pyramidal
cells and interneurons, as in Figure 2 (lef?).
8x(anp) density was set at its standard value,
and unitary pyramidal/pyramidal EPSCs
were 0.75 X t X e "2 nS. Model interneu-
rons in the left half of the array do not fire
doublets [with their AMPA receptors
blocked (cf. Whittington et al., 1997a,
1998)], whereas interneurons in the right
half of the array do fire doublets. As a
result, the two halves of the array tend to
oscillate at different frequencies (Fig. 2),
but the array halves are synaptically coupled
by interneurons around their boundaries
and by pyramidal cells globally. This in turn
causes complex irregular firing patterns in
the pyramidal cells. B, Experiment. Two-
site oscillations were evoked by simulta-
neous tetanic stimulation in the CA1 region.
Joro toxin (0.1 um), a blocker of interneu-
ron AMPA receptors, was pressure-ejected
onto the tissue near site 1 in stratum pyra-
midale. Cells were recorded near the site of
toxin injection. The toxin produces irregu-
larity in the firing patterns of pyramidal
cells and abolishes interneuron doublets.
Note the different time scales for pyramidal
cells and interneurons.

interneuron doublets in that region. This loss would lead to two
effects: the doublets would no longer be available to provide
timing information to maintain synchrony (Ermentrout and Ko-
pell, 1998), and the network oscillation frequency of the poisoned
region would be faster than that of the unpoisoned region (if the
latter is able to generate doublets), which would in turn lead to
complex interference effects between the two regions.

Figure 34 illustrates a simulation of the effects of joro toxin,
obtained by blocking interneuron AMPA receptors in the left
half of the array, whereas gy anp, Was at its “standard” value.
(This value was used because the corresponding experimental
recordings were obtained during the B phase of the oscillation.
Please note also the different time scales for pyramidal cells and
interneurons.) As expected, interneurons in the left half fire only
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in singlets (Fig. 34ii). In addition, interneurons in the right half of
the array (data not shown), although able to fire doublets, do not
fire nearly as many doublets as in comparable control simulations.
This reduction in doublet incidence is related to the loss of
two-site synchrony in this simulation (mean phase lag between
the two sites, 5 msec). It will be recalled that excitatory input from
both nearby and distant cells is required for interneuron doublet
generation (Fig. 2) and that doublets are both a consequence of
and a contributor to long-range synchrony. Pyramidal cells in this
simulation demonstrate irregular firing patterns, which are not a
consequence of any obvious irregularity in the firing patterns of
the interneurons. The irregularity may result from recurrent
EPSPs impinging on pyramidal cells from the two array regions,
because they “try” to oscillate at different frequencies. Note that
pyramidal cells fire on selected peaks of the intracellular y waves,
which are generated by the interneuron network.

Figure 3B illustrates data from experiments (four slices) in
which joro toxin (0.1 wMm) was pressure-ejected near one stimula-
tion site in CA1 stratum pyramidale, immediately after a two-site
twice-threshold tetanic stimulation. Subsequent tetanically
evoked oscillations (evoked at 4 min intervals) exhibited firing
patterns as shown. Pyramidal cells during the B phase of the
oscillation fire on some of the peaks of intracellular y waves (Fig.
3Bi, control), but after joro toxin application, pyramidal cells also
can fire in rapid runs (Fig. 3Bj, bottom trace), as in the simulation.
In control conditions, interneurons could fire spike doublets (Fig.
3Bii), but such doublets were not observed after joro toxin (Fig.
3Bii, bottom trace), consistent with simulations and consistent
with the expectation that the second spike in the interneuron
doublet is evoked by AMPA receptor activation, the latter being
reduced by joro toxin. The mean phase lag for four y oscillation
epochs after joro toxin was 2.3 msec, versus 1.8 msec for control
oscillations (not statistically significant), i.e., there was less of an
effect on phase than in the simulation.

Mechanism of y — B frequency shift

Simultaneous increases in the amplitude of unitary EPSCs and
of AHPs can account for the v — B frequency shift
Whittington et al. (1997b) showed that during the transition from
v to B frequencies, two parameters in the neuronal system
changed, with comparable time courses (over approximately 10
oscillation cycles or several hundred milliseconds): (1) pyramidal
cell spike AHPs increased from a value of <1 mV to a value of
>4 mV, and (2) AMPA receptor-mediated EPSPs in pyramidal
cells, in phase with the oscillation, increased from a value of
=0.25 mV to a value of >2 mV. These EPSPs are not an
epiphenomenon of increased firing synchrony of the pyramidal
cells, because the magnitude of population spikes does not in-
crease, and may even decrease, over the time interval in question;
thus, the increase in EPSP size is presumed to reflect a true
increase in the magnitude of unitary EPSCs at recurrent CAl
pyramidal cell/pyramidal cell connections.

During the period when spike AHPs and EPSPs are increasing,
pyramidal cells remain depolarized (Whittington et al., 1997b). In
view of the apparent increase in K™ current(s) over this period,
it is unlikely, therefore, that the metabotropic glutamate receptor-
mediated conductance, induced by the tetanic stimulation (Whit-
tington et al., 1997a), diminishes much during the B oscillation.

Figure 4 illustrates a simulation in which tonic excitatory con-
ductances to pyramidal cells and to interneurons were kept
constant. For the first 800 msec of the simulation, maximum
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gx(anpy Was held constant at 0.25X its usual value, and unitary
pyramidal/pyramidal EPSCs were 0.75 X ¢ X ¢ '* nS. During
this time, the array generated a vy frequency oscillation, synchro-
nized across the array to within 1 msec; pyramidal cells fired
singlets and interneurons fired either doublets or singlets fol-
lowed by EPSPs. Subsequently, during the interval shown by the
ramp (800-1200 msec from simulation onset), linearly in time,
maximum gy s ppy Was increased fourfold (to its standard value)
and unitary EPSC amplitude was increased 4.6-fold. Both local
and long-range EPSCs were increased in tandem. In the course of
the 800-1200 msec interval, and after it, oscillation frequency
slows from 52 to ~14 Hz; the large EPSPs in a hyperpolarized
pyramidal cell during the B phase indicate that the B oscillation is
synchronized, as do local average potentials (data not shown). In
the B phase, pyramidal cells fire occasional doublets [as occurs
experimentally (Whittington et al., 1997b)], and interneurons fire
in bursts, as well as singlets and doublets. Autocorrelations and
cross-correlations of average pyramidal cell signals are shown in
Figure 4B. Note that during the B phase (Fig. 4Bii), there is a
smaller y peak at 30 Hz, slower than the frequency during the
initial vy oscillation (Fig. 4Bi); this slowing is a consequence, in
part, of interneuron bursts.

The B-phase EPSPs in Figure 4 reach ~10 mV, whereas exper-
imental B-phase EPSPs are <5 mV. It is possible that model
neurons, in which EPSPs are pictured, are more hyperpolarized
than corresponding real neurons, an effect that would increase
EPSP size.

We repeated the simulation of Figure 4, but with tonic driving
conductances delivered to pyramidal cells and interneurons in the
left half of the array only, with maximum gy syp, and unitary
EPSCs evolving as in Figure 4. This simulation (data not shown)
verified that the model could replicate the -y — B shift induced by
strong stimulation at a single site (Whittington et al., 1997b).

In summary, in simulations, an increase in ggampy) With a
simultaneous increase in unitary pyramidal/pyramidal EPSCs
(that is, sufficiently large) produces a “switch” from synchronized
v to a synchronized B oscillation. The latter contains “underly-
ing” vy that is generated by the interneuron network, pyramidal
cell doublets (on occasion), and interneuron bursts.

Clear y — B frequency shifts have been recorded intracellularly
in >50 pyramidal cells and in two interneurons in the course of
this study. Examples are shown in Figure 54. This particular
pyramidal cell did not exhibit spike doublets during 3; an example
of pyramidal cell spike doublets is shown in Whittington et al.
(1997b, their Fig. 1Cc). Subthreshold membrane fluctuations are
clearly seen during the 8 phase of the pyramidal cell in Figure 54
(compare Fig. 4A4). The interneuron (not recorded simulta-
neously with the pyramidal cell) fires in a complex mixture of
single spikes, doublets, triplets, and quadruplets during the B
phase, as occurs also in the simulation (Fig. 4).

EPSPs synchronized with population spikes were shown previ-
ously to occur in hyperpolarized pyramidal neurons during the 8
oscillation (Whittington et al., 1997b). Figure 5B provides addi-
tional evidence that these EPSPs represent a network phenome-
non. In CAl, pyramidal cell — pyramidal cell connections are
believed to form predominantly in stratum oriens (Deuchars and
Thomson, 1996). Figure 5B shows a y — f transition in which
extracellular potentials were recorded simultaneously in stratum
pyramidale and stratum oriens, the recordings beginning imme-
diately after the stimulus artifacts. Note that most of the extra-
cellular potentials in stratum oriens increase in amplitude as the
B oscillation develops, whereas there is little activity in stratum
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Figure 4. Firing patterns of pyramidal
cells and interneurons during vy and 8 os-
cillation: simulation. The /B8 switch was
simulated by applying tonic excitatory
conductances to pyramidal cells and inter-
neurons, with maximal giapp) at 0.25 X
its standard value and unitary pyramidal/
pyramidal EPSCs 0.75 X ¢t X e "2, Start-
ing at 800 msec after onset of the run, and
until 1200 msec (shown by the ramp),
maximal ggapp) and unitary EPSCs in-
creased, linearly in time to new values that
then remained constant. The new values
were maximal gganpy = standard value,
unitary pyramidal/pyramidal EPSC 3.45 X
t X e 2, A, Two pyramidal cells (atx = 5
and x = 91, the latter hyperpolarized with
3 nA current to reveal EPSPs), and a bas-
ket cell. During the vy oscillation, pyrami-
dal cells fire singlets, and interneurons fire
doublets or singlets followed by EPSPs. As
8x(anpy and unitary EPSCs increase, the
pyramidal rhythm slows to B frequency,
pyramidal cells sometimes fire doublets,
and interneurons fire singlets, doublets,
and bursts. During the B8 phase, pyramidal
cells exhibit subthreshold synaptic poten-
tials at y frequency [see also Whittington
et al. (1997b)]. B, Autocorrelations and
cross-correlations of e-cell average signals,
during the vy phase (i, 52 Hz, phase lag
between sites 1.7 msec), and during the 8
phase (ii, 14.3 Hz). During the B phase,

50 mv

200 ms

100 ms

-100 -50 0 50 -100 -50

radiatum, during either the y or B phases. This experiment gave
similar results in three slices. These data suggest that the increas-
ing amplitude stratum oriens potentials are field EPSPs and the
extracellular correlates of the EPSPs recorded intracellularly
during the B phase (Whittington et al., 1997b).

Effects of increasing gxanp) or recurrent EPSPs, but not

both together

In simulations, it is possible to manipulate, independently, max-
imal grapp) and unitary EPSC amplitude. In Figure 6, the
simulation of Figure 4 was repeated, but over the 800-1200 msec
interval after onset of the run (shown by the ramp), unitary
EPSCs (pyramidal/pyramidal) were increased only twofold, in-

there is a small peak in the autocorrela-
tion at vy frequency (30 Hz).

50 100 ms
stead of 4.6-fold, whereas maximal g ayp) Was increased four-
fold, as before. In the present case, individual pyramidal cell
firing rates decrease to the B range (Fig. 6, fop trace), at least
transiently, but firing in the B8 phase is not synchronized. This fact
is indicated by the population EPSPs in a hyperpolarized pyra-
midal cell, which are about the same amplitude in the B8 phase as
in the vy phase, despite the twofold increase in unitary EPSC
amplitude (Fig. 6, middle trace). In addition, pyramidal cells never
fire spike doublets, because the second spike in a pyramidal
doublet (in CAl) is recruited synaptically by the pyramidal cell
population firing during the first spike, analogous to what happens
with interneuron doublets. Without pyramidal cell doublets in the
B phase, interneurons continue to fire singlets and doublets and
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Figure 5. Firing patterns of pyramidal cells
and interneurons during vy and B oscillation:
experiment. Oscillations were evoked by two-

site twice-threshold stimulation, with traces
showing the stimulus artifacts. Note that, as

shown previously (Whittington et al., 1997a),

the oscillations are superimposed on slow
membrane depolarizations. Dotted lines show B
resting membrane potentials. 4, Intracellular
y — P transitions in a pyramidal cell and an
interneuron (not simultaneous). The y — B
switch occurs approximately 200 msec into the
recording. This particular pyramidal cell does alv.
not fire doublets during B but does exhibit
subthreshold membrane fluctuations. The in-
terneuron fires a doublet during +y; during g it
fires singlets, doublets, a triplet, and a quadru-
plet. B, Laminar field potentials were obtained
in simultaneous pairs (the stratum oriens and
stratum pyramidale recordings were simulta-
neous in this example). The approximate po-
sition of the recording electrodes shown at
left, and distances in millimeters define elec-
trode position relative to stratum pyramidale.
Note the increase in amplitude of the stratum
oriens potentials (but not stratum radiatum)
as the B oscillation develops. Recurrent syn-
aptic connections between CAl pyramidal
cells are believed to be in stratum oriens
(Deuchars and Thomson, 1996).

extracellular

stron

str..rad.

do not fire bursts. These cellular behaviors do not correspond to
experimental /B shifts. The simulation of Figure 6, however, may
capture what happens as a vy oscillation breaks apart at the
population level, when an organized B phase fails to occur.

The data in Figure 6 suggest that sufficiently large AMPA
receptor-mediated, pyramidal/pyramidal EPSC increases are nec-
essary for a synchronized f oscillation to develop. Whittington et
al. (1997b) used pressure ejection of NBQX to provide evidence
that the B phase EPSCs are indeed dependent on AMPA recep-
tors. One expects, therefore, that pressure ejection of NBQX
would also prevent a switch to a synchronized B oscillation from
occurring, as measured with field potential recordings. The data

40 mv
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of Figure 7 indicate that this is indeed the case. In experiments in
six slices, /B oscillations were evoked by two-site twice-threshold
stimuli under control conditions (Fig. 74). Puffing on NBQX (20
w™, l) midway between the stimulation sites prevented an abrupt
B shift (Fig. 7B), although oscillation frequency does slow grad-
ually, as normally occurs with vy oscillations (Whittington et al.,
19970, their Fig. 1Ba); vy oscillations were also prolonged in these
instances, for reasons that were not clear. Note as well that
NBQX additionally increases vy oscillation frequency and disrupts
two-site vy synchrony (cross-correlations in Fig. 7A4ii, Bii), an effect
predicted by our model and previously shown experimentally
(Whittington et al., 1997a).
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In comparing the simulation of Figure 6 with the experiments
in Figure 7, it is important to note that the simulation shows the
potentials of individual cells, whereas the experiment is illus-
trated with field potentials. Although individual cells in simula-
tions slow their firing rates to the 8 range, this slower firing—not
being synchronized, when recurrent EPSPs are not enhanced
enough—would not be expected to show up in field potential
recordings. Only the synchronized +y oscillation would be ex-
pected to be manifest in field potential recordings under such
conditions.

In the case illustrated in Figure 84, the simulation of Figure 4
was repeated, but this time maximal g app) Was kept constant,
whereas unitary pyramidal/pyramidal EPSCs were increased 4.2-
fold (a bit less than in Fig. 4). The B phase now resembles an
epileptic afterdischarge, with both pyramidal cells and interneu-
rons firing in bursts at ~20 Hz in a pattern not usually observed
experimentally. B-phase EPSPs in hyperpolarized pyramidal
cells, in the present case, have a duration of almost 50 msec, but
experimental B-phase EPSPs can be almost this broad (Whitting-
ton et al., 1997b). Similar afterdischarge-like firing patterns were
observed in two slices, although at lower frequency (~4 Hz) (Fig.
8B); however, we do not have data to show that the repeating
bursts resulted from a relative attenuation of AHP conductances.

Persistent effects of twice-threshold tetanizations that
induce B oscillations

Persistent B synchrony
In Whittington et al. (1997b), it was shown that a single admin-
istration of a twice-threshold stimulus (one that elicited a 8
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Figure 6. 'When gy app) increases during
the vy oscillation but EPSPs fail to develop,
individual pyramidal cells fire at 8 frequen-
cies, but asynchronously (simulation). The
simulation was identical to that of Figure 4,
with maximal ggappy increasing fourfold
over the time interval 800-1200 msec
(ramp), but in the present case, unitary
EPSCs only double over this time interval
rather than increasing 4.6-fold. We again
illustrate pyramidal cells (at x = 5, and a
hyperpolarized one atx = 91), and a basket
cell. In the present case, individual pyrami-
dal cell firing slows once ggapp) has in-
creased, and cells “skip beats” of the under-
lying 33 Hz population rhythm. Because
pyramidal cells do not fire doublets in this
case, interneurons do not burst but instead

10 mvV

50 mV
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fire singlets and doublets. These singlets
and doublets occur at y frequency (albeit
slower than the original vy frequency in the
simulation, 52 Hz), and induce rhythmic
synaptic potentials in pyramidal cells.

ML

200 ms

oscillation) would alter circuit properties, so that later threshold
stimuli would also each elicit a B oscillation, stimuli of intensity
too weak to elicit a B oscillation under control conditions. An
example of this phenomenon with two-site stimulation, in which
tetanic stimuli were delivered to the two sites every 4 min, is
shown clearly in Figure 9. Under control conditions (Fig. 94), a
threshold stimulus evoked vy activity only. When one delivery of
twice-threshold stimulation was administered simultaneously to
both sites (Fig. 9B), a y — B transition occurred. After this, later
threshold stimuli could now evoke y — (3 transitions. This effect of
twice-threshold stimulation was observed in five slices.

We should note as well that a single administration of a
two-site twice-threshold stimulus also produces long-lasting
changes in recurrent CAl pyramidal cell — pyramidal cell exci-
tatory synaptic connections. This was shown by Whittington et al.
(1997b), who observed that pairs of pyramidal cells existed with
these properties: (1) under control conditions, spikes in cell 1
failed to elicit EPSPs in cell 2; (2) during an oscillation evoked by
two-site twice-threshold stimulation, spikes in cell 1 did elicit
EPSPs in cell 2; and (3) during later oscillations, evoked by
threshold stimuli, spikes in cell 1 szill elicited EPSPs in cell 2. The
data presented so far suggest that persistent effects on EPSPs and
on B oscillations are causally related (see Discussion).

A mechanism for desynchronizing -y oscillations at the two sites
How can one account for a type of synchrony modulation that is
converse to the one described above (the enhancement of B
synchrony after two-site twice-threshold stimulation)? That is, we
must explain why, after a single episode of one-site twice-
threshold tetanus, vy oscillations subsequently evoked by two-site
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Figure 7. NBQX prevents the y — B frequency shift. Concurrent extracellular recordings (beginning immediately after the stimulus artifact), from the
same slice, with two-site twice-threshold tetanic stimulation in each case. A, Control case. A y — B transition occurs. Cross-correlation (below) of the
first 200 msec of the v oscillation shows tight synchrony (phase lag near 0) and frequency 47 Hz. B, Puffing on NBQX (20 M, H) at a site midway between
sites 1 and 2 prevents S oscillation but not vy oscillation. For reasons that are not clear, the vy oscillation is prolonged. [Note that NBQX in the bath does
eventually block tetanically induced vy oscillations (Whittington et al., 1997a).] Consistent with previous results (Whittington et al., 1997a), NBQX
increases oscillation frequency (to 55 Hz) and increases the two-site phase lag (to 5.6 msec).

threshold tetani do not synchronize between the two sites (Whit-
tington et al., 1997b). One possibility considered by Whittington
et al. (1997b) was that the one-site twice-threshold stimulus
induced strong enough recurrent, pyramidal/pyramidal EPSPs
that pyramidal cell spike doublets would occur in the y phase of
subsequent oscillations. Pyramidal cell doublets in the intensely
stimulated site, but not in the other site, would prevent synchrony,
because the two sites would “try” to oscillate at different frequen-
cies, the site with doublets oscillating more slowly. This explana-
tion, however, appears unlikely for two reasons: (1) pyramidal cell
doublets are rarely observed during CA1 vy oscillations, even after
a strong tetanus [although such doublets do occur in subiculum,
wherein intrinsic cell properties contribute (Stanford et al.,
1998)], and (2) EPSPs usually do not occur in pyramidal cells until
toward the end of the y phase of the oscillation.

An alternative possible explanation is that one-site twice-
threshold tetanic stimulation induces persistent depression of
long-range pyramidal — interneuron synapses (depression of
long-range pyramidal — pyramidal synapses in CA1 would not be
expected to influence +y synchrony, because EPSPs are not well
developed during vy in any case). The idea is that depression of
long-range pyramidal — interneuron synapses, if sufficiently de-
veloped, would suppress interneuron doublets (Fig. 2) (Traub

et al., 1996a,b; Whittington et al., 1997a) and so prevent long-
range vy synchrony.

The simulation in Figure 10 illustrates this possibility. Param-
eters were chosen such that a globally synchronized vy oscillation
would occur, as in the y phase of Figure 4 (maximal gy (amp)
0.25 X its standard value, unitary pyramidal/pyramidal EPSC
0.75 X t X e~ nS), but the simulation was performed with a
change in the synaptic excitation of interneurons: pyramidal —
interneuron connections, in which presynaptic and postsynaptic
cells were on opposite sides of the array, had their maximum
conductance reduced by 90%. This prevented interneuron dou-
blets, and the mean phase lag between the two sides increased
from 1.7 msec (control conditions) to 5.6 msec (when long-range
pyramidal cell — interneuron connections were depressed).

Experimentally, it was possible to record from two interneu-
rons long enough to test portions of this hypothesis. An example
is shown in Figure 11. In each case, the field potential was
recorded near site 1, while an interneuron was recorded intracel-
lularly near site 2. A control two-site threshold tetanic stimulation
evoked a vy oscillation of declining frequency, with interneuron
singlets and doublets (Fig. 11A4). Cross-correlation of the initial
portion of this oscillation (field vs interneuron) produced an
inverted peak at —2.0 msec (the “peak” is negative because the
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Figure 8. 'When EPSPs develop during the
v oscillation but gy aypy fails to increase,
synchronized bursts occur. Similar behav-
ior can be seen experimentally. A, Simula-
tion. The simulation was as in Figure 4, but
during the 800-1200 msec time interval
(relative to the onset of the run, ramp),
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two signals have opposite signs). Four oscillatory episodes were
then evoked by stimulating site 1 with twice-threshold intensity,
recording meanwhile from the interneuron at site 2 while the
latter was hyperpolarized to —80 mV (near GABA, receptor
reversal potential) by passage of current through the electrode.
The oscillatory episodes were 4 min apart, and three of them are
shown in Figure 11B. What is clear is that each successive site 1
oscillation is associated with less excitatory synaptic activity in the
interneuron. (The depolarizing potentials in the interneuron are
unlikely to be reversed IPSPs, because the tetanus was delivered
to the opposite site, >1.5 mm away, and it is at this distant site
where interneurons would be firing.) After these four oscillatory

e

30mv

maximum gy app) T€mains constant while
unitary pyramidal/pyramidal EPSCs in-
crease in amplitude 4.2-fold. As usual, we
illustrate two pyramidal cells [atx = 5, and
a hyperpolarized one (—3.0 nA current) at
x = 91] and a basket cell (x = 5). In the
present case, the vy oscillation is succeeded
by bursts, at ~20 Hz, in both pyramidal
cells and interneurons. B, Experiment. Si-
multaneous dual intracellular recordings
(pyramidal cells) and field potential show-
ing transition from 1y oscillation to epileptic
afterdischarge at ~4 Hz. Recordings begin
immediately after the stimulus artifact. The
first 200 msec of vy activity was synchronized
between the two sites to within 1 msec.

10mv

200 ms

episodes, a repeat two-site threshold tetanic stimulus failed to
evoke interneuron doublets (Fig. 11C). Loss of interneuron dou-
blets was observed as late as 8 min after the last one-site twice-
threshold stimulus to the opposite site, after which the cell was
lost. Furthermore, the cross-correlation signal (Fig. 11C, right),
although it has an inverted peak at 2 msec, is disorganized. This
occurs because of varying phase relations between successive
interneuron spikes/population spikes.

A quantitative summary of the data for EPSPs in the two
interneurons, for the first 200 msec of oscillations evoked by
twice-threshold stimulation of the opposite site, is as follows. For
the first interneuron, there were 12 EPSPs of amplitude 2.4 = 0.2
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Figure 9. Beta oscillation induced by two-site twice-
threshold stimulation recurs when two-site threshold
stimulation is later applied. Two-site field potentials
(recordings begin immediately after stimulus artifact)
are concurrent. Stimuli are given every 4 min. 4, Two-
site threshold stimulus evokes vy oscillations only. B,
Two-site twice-threshold stimulus evokes y — B transi-
tion. C, Later two-site threshold stimulus now evokes
vy — P transition. [Repeating threshold stimuli by them-
selves do not elicit y — B transitions (Whittington et al.,
1997b).]

site 2

mV (SEM) at 0 min, six EPSPs of amplitude 2.2 + 1.0 mV at 4
min, and nine EPSPs of amplitude 1.4 = 0.5 mV at 8 min. For the
second interneuron, there were seven EPSPs of amplitude 3.6 +
0.4 mV at 0 min, eight EPSPs of amplitude 2.1 = 0.6 mV at 4 min,
and six EPSPs of amplitude 1.7 = 0.6 mV at 8 min. In each case,
the decline in mean amplitude between 0 and 8 min was statisti-
cally significant (p < 0.05, nonpaired ¢ test).

DISCUSSION

There are two main results in this paper. First, y- and
B-frequency oscillations, induced by tetanic stimulation of the
CAL1 region in vitro, are synchronized by different cellular mech-
anisms. IPSPs are critical for shaping y [because GABA , recep-
tor blockade abolishes the oscillation (Whittington et al., 1995;
Colling et al., 1998)], and EPSPs onto interneurons are necessary
for long-range synchrony (Traub et al., 1996a,b; Whittington et
al., 1997a), but EPSPs between pyramidal cells within CA1, so far
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as we can tell, do not play an essential role in vy oscillations. In
contrast, EPSPs between CA1 pyramidal cells do appear to be
critical for generating a synchronized B rhythm, even within a
local population of neurons, although such EPSPs may not be
necessary for individual pyramidal cells to fire at B frequency
(Fig. 6).

Second, the contrasting cellular mechanisms of y and B oscil-
lations allow synaptic plasticity to regulate long-range synchrony
of the two frequency ranges by different means.

To make sense of these results, we first briefly review the
cellular mechanisms of y and B (induced by tetanic stimulation in
CAL1), according to our present notions.

Mechanisms of vy oscillations, tetanically induced in CAl

One can view the structure of vy in three levels of complexity.
(1) Pharmacologically isolated networks of interneurons, when

tonically excited, can produce locally synchronized vy oscillations,
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dependent on i — i synaptic interactions (GABA, receptors),
and with frequency dependent on “drive” to the interneurons and
the parameters of the i — i IPSCs (Whittington et al., 1995;
Traub et al., 1996b). This type of oscillation appears to be
incapable of maintaining synchrony over distances more than ~1
mm (Whittington et al., 1997a).

(2) Local networks of pyramidal cells and interneurons can
also generate locally synchronized vy oscillations [“local” means
“on a distance scale of about 400 um” (Colling et al., 1998)]. In
this case, interneurons and pyramidal cells fire in phase, to within
a couple of milliseconds, and both pyramidal cells and interneu-
rons fire in singlets (Traub et al., 1996a; Whittington et al.,
1997a). Oscillation frequency can be modified by driving currents
to the pyramidal cells alone, at least in simulations, as well as by
IPSC parameters (Traub et al., 1997; Whittington et al., 1998).
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50 mV
10mv
50 mV
Figure 10. Blockade of long-range pyra-
midal cell — interneuron synaptic interac-
tions prevents interneuron spike doublets,
VJHJMJN% p p

and hence two-site synchronization cannot
occur (simulation). Network parameters
were the same as for the y phase of Figure
4 (maximal ggappy 0.25 X its standard
value, unitary pyramidal/pyramidal EPSC
0.75 X t X e~"? nS), with this exception: for
any pyramidal cell — interneuron connec-
tion that crosses the array midline in either
direction, the corresponding unitary EPSC
takes on one-tenth of its usual amplitude
(2.0 X t X e " nS). As usual, we illustrate
two pyramidal cells (atx = 5, and a hyper-
polarized one at x = 91) and a basket cell
(x = 5). A, Because the AMPA receptor-
mediated input to interneurons is close to
the input that would occur with single-site
stimulation [Fig. 2 and Traub et al
(1996a,b)], interneurons do not fire dou-
blets. B, As a consequence, the two sides of
the array do not oscillate synchronously
(cross-correlation peak at 5.6 msec). Auto-
correlation and cross-correlation of e-cell
average signals are shown.

100 ms

(3) Distributed (i.e., on a spatial scale more than ~1 mm)
networks of pyramidal cells and interneurons can also generate
synchronized vy oscillations. The interneurons (stratum pyrami-
dale and stratum oriens) often fire in doublets, and the pyramidal
cell spikes and the first spike of the interneuron doublet are nearly
in phase. Pyramidal cell spikes and the first spike of the inter-
neuron arise from tonic driving conductances to the respective
cell types, with timing gated by IPSPs. Because both pyramidal
cells and interneurons “see” the “same” IPSPs, it makes sense
that the two cell types fire nearly in phase. The second spike in
the interneuron doublet arises from the AMPA receptor-
mediated synaptic input generated by the synchronized pyramidal
cell spike. Experiments, simulation studies, and mathematical
analysis suggest that interneuron doublet-firing is necessary for
long-range synchrony under these conditions and is not an epi-
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Figure 11. After twice-threshold stimula- 8 min
tion-induced oscillations at one site, EPSPs
are reduced in an interneuron at the other
site, and subsequent two-site tetanic stimuli
do not lead to interneuron doublets. All
recordings are from the same slice, with an
extracellular (ec) recording electrode at site
1 and an intracellular recording of an inter-
neuron at site 2 (same cell throughout the
figure). Signals begin just after stimulus ar-
tifacts. 4, vy oscillation induced by two-site
threshold stimulation. Note the interneuron
doublets. Cross-correlation of the two sig-
nals produces a negative-going “peak” (be-
cause one signal is upgoing and the other
downgoing) at —2 msec. B, The interneuron
at site 2 was hyperpolarized to —80 mV,
near GABA, reversal potential, by passage
of —0.3 nA current. Successive oscillations
induced by twice-threshold stimulation of
the opposite site lead to EPSPs in the inter-
neuron that were of reduced amplitude and
frequency. C, A subsequent two-site thresh-
old tetanus-evoked oscillation is no longer
associated with interneuron doublets. The
variable phase relations of population spikes
and action potentials leads to a disorganized
appearance of the cross-correlation (right).

Site 1, ec

Site 2
interneuron

phenomenon (Whittington et al., 1997a; Ermentrout and Kopell,
1998).

The role of interneuron—interneuron IPSPs in cases (2) and
(3), when pyramidal cells are firing in addition to interneurons, is
not clear. The issue is difficult to examine experimentally, be-
cause one is required to block GABA, IPSCs selectively on
interneurons and not on pyramidal cells, a problem that may
require transgenic techniques. The mathematical model of
Ermentrout and Kopell (1998) does not require interneuron—
interneuron IPSPs.

Similarly, pyramidal-pyramidal EPSPs are not required in
simulation models of CAl <y oscillations. Simulations indeed
indicate that such EPSPs, if present at large enough amplitude,

o

0.251

="

5/50 mV

-40) 40 ms

-0.50-

’“‘W%

Conditioning: 1-site 2 x threshold stimulation

5mv

200 ms

C Test: 2-site threshold stimulation

0.251

40 ms

5/50 mV 1

-0.50-

M,

200 ms

will lead to pyramidal cell doublets (rarely observed experimen-
tally during ) or to bursts (Traub et al., 1997; Whittington et al.,
1997b). On the other hand, we do not have experimental data
from paradigms in which EPSPs are selectively blocked on pyra-
midal cells and not on interneurons.

Mechanisms of B oscillations, tetanically induced in CA1

After tetanic stimulation powerful enough to produce a y — B
switch, three experimental observations are salient. (1) Intracel-
lular depolarizations are sustained during the B8 phase, both in
pyramidal cells (Whittington et al., 1997b) and in interneurons
(present observations), and (2) pyramidal cell fast-spike AHPs,
which virtually vanish during the y phase, recover before and
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during the B phase (Whittington et al., 1997b). Presumably,
slower Ca**-dependent AHPs, which would also be blocked by
metabotropic glutamate receptor activation (Charpak and Gih-
wiler, 1991), recover as well, before and during the B8 phase, but
we do not have direct experimental evidence for this. (3) AMPA
receptor-mediated EPSPs develop in pyramidal cells before and
during the B phase.

By increasing the conductance of Ca?'-dependent AHPs
alone, our present simulations indicate that observations (1) and
(2) account for the slowing of individual pyramidal cell firings to
B frequency (Fig. 6). The reason is that the interneuron network
continues to oscillate synchronously at y frequency, producing
y-frequency IPSPs in pyramidal cells, but the pyramidal cells,
whose membranes are now more shunted, are unable to fire on
each y wave. Because the pyramidal cells are not driven with
identical tonic conductances, each pyramidal cell is free to de-
velop its own pattern of wave-skipping, so that the B oscillation
will not synchronize. For this mechanism to operate in a stable
manner, interneuron—interneuron IPSPs may possibly be re-
quired, but we have not examined this issue in detail. The recov-
ery of K conductances with faster kinetics than the AHP conduc-
tance would be expected (1) to have either little effect on B
oscillations, if the kinetics is fast relative to the 40-100 msec
period of B waves or (2) to reinforce the effects of recovery of the
AHP conductance, by reducing the ability of pyramidal cells to
fire on each y wave. It is possible that a time-dependent increase
in membrane leak conductance could exert a functional effect
similar to that of an increase in the slow AHP conductance.

On the other hand, when EPSPs between pyramidal cells of
sufficient strength are added, then pyramidal cells interact with
each other directly. The firing of some pyramidal cells on a
particular -y wave will tend to induce the firing of other pyramidal
cells on that same y wave. Because AHPs remain large, however,
each individual pyramidal cell still can fire only at B frequency; it
cannot, in general, fire on every vy wave (Figs. 4, 5).

A by-product of this arrangement is that some pyramidal cells,
being recurrently excited, will fire in doublets, whereas interneu-
rons, being excited by pyramidal cell doublets, may sometimes fire
in brief bursts (Figs. 4, 5).

An experimental prediction of this idea is that blockade of
recurrent excitation, mediated by AMPA receptors, should pre-
vent a synchronized B oscillation, and this occurs (Fig. 7). Un-
fortunately, the drug used in this experiment, NBQX, also blocks
AMPA receptors on interneurons. 8 oscillations can occur, how-
ever, after joro toxin application (Fig. 3Bi), which blocks certain
interneuron AMPA receptors. It therefore appears likely that
NBQX prevents the occurrence of 8 oscillations via a blockade of
AMPA receptors at pyramidal cell — pyramidal cell synaptic
connections.

Strong tetanic stimulation, synaptic plasticity, and
long-range synchronization

Cortical structures viewed as interconnected oscillating
neuronal ensembles

A commonly held view of the cortex might be characterized as
follows. The computing units are single neurons, and information
is stored, in a distributed manner, by modifying synaptic
strengths (predominantly at pyramidal cell/pyramidal cell syn-
apses) in a “Hebbian” manner, that is, dependent on the history
of the correlations between presynaptic and postsynaptic
activities.
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The data on plasticity of y and B oscillations are most readily
interpreted within an alternative framework, the validity of which
needs further investigation. Cortical structures, at least during
certain states, consist of a collection of oscillating neuronal en-
sembles (Sompolinsky et al., 1990; Palm, 1982). These ensembles
(which in our experiments would contain 1000 or 2000 neurons)
can oscillate in synchrony or out of synchrony with each other,
and information is stored in groups of synapses that interconnect
the ensembles and determine whether synchronization is to occur
in a particular band of frequencies.

Long-range synchronization of 3

A two-site twice-threshold tetanus, given only one time, induces
synchronized y and B oscillations “acutely” (i.e., with onset tens
of milliseconds after the stimulus); additionally, such a stimulus
allows a later two-site threshold tetanus to induce synchronized vy
and B oscillations (Fig. 9) (Whittington et al., 1997b). [Under
control conditions, threshold-intensity tetani at two sites do not
lead to synchronized B oscillations (Fig. 9).] The long-lasting
(tens of minutes, at least) inducibility of synchronized B oscilla-
tions can be explained, according to our present results, by the
fact that the EPSPs associated with the oscillation recur after
threshold stimuli-induced oscillations, once these EPSPs have
been induced by a twice-threshold stimulus (Whittington et al.,
1997b), provided that the augmented EPSPs reflect functional
recurrent connections between nearby as well as distant pyrami-
dal cells.

Long-range desynchronization of y

A twice-threshold tetanus delivered to one site rather than two
has desynchronizing effects on two-site-stimulated +y (threshold
intensity stimuli), as opposed to the synchronizing effects of strong
two-site tetanus on two-site-stimulated B (Whittington et al.,
1997b).

Because interneuron doublets are necessary for long-range
synchrony of tetanically induced vy oscillations, loss of interneuron
doublets might explain y desynchronization. Interneuron dou-
blets would disappear—so far as interneurons were concerned—if
two-site stimulation were indistinguishable from one-site stimu-
lation [Fig. 2 and Traub et al. (1996a,b)], and this situation would
exist if single-site 2XT stimulation were to cause depression of
long-range pyramidal cell — interneuron connections. This
scheme does indeed cause two-site y desynchronization in simu-
lations (Fig. 10). Furthermore, experimental data indicate that
one-site 2XT tetanization leads to a loss of interneuron doublets
(Fig. 11) when subsequent two-site threshold stimuli are delivered,
stimuli that normally would cause interneuron doublets in at least
some cells [Fig. 11 and Whittington et al. (1997a)].

Why might depression of long-range pyramidal cell — inter-
neuron connections occur after a strong tetanus to a single site,
say site 1? Following standard “Hebbian” ideas on LTP and LTD,
let e, and e, denote pyramidal cells at sites 1 and 2, respectively,
and i, and i, denote interneurons at sites 1 and 2, respectively. A
strong tetanus to site 1 would be expected to cause intense firing
of e, and i, but much less intense firing of e, and i,. Under such
conditions, both e, — i, and e, — i, would be expected to depress.
Our data (Fig. 11) suggest that depression of e, — i, should occur,
but we have no information about e, — i; or about e, — i;. The
experimental evidence also supports a secondary consequence of
the presumed long-range synaptic depression: loss of interneuron
doublets at the site opposite to the stimulated site. Again, we have
no information concerning altered firing behavior in interneurons



1104 J. Neurosci., February 1, 1999, 79(3):1088-1105

near to the stimulated site. With two-site stimulation, pyramidal
cells and interneurons at both sites would be firing at high rates
while also receiving synaptic excitation at high rates. One would
not expect synaptic depression under these conditions.

In conclusion, vy oscillations elicited by tetanic stimulation of
CA1 in vitro are organized and synchronized by IPSPs and by
AMPA receptors on interneurons. 3 oscillations occur superim-
posed on v oscillations in interneuron networks: pyramidal cells
do not fire on each y wave, and mutual EPSPs ensure that
different pyramidal cells fire on the same y waves. The distinctive
structure of the two sorts of oscillation provide different possible
mechanisms for synaptic plasticity to modulate synchronization.

More speculatively, we might suggest the following. Suppose it
is true that vy oscillations are critical for perception, the detailed
percept depending on which neurons oscillate in phase with each
other. The occurrence of B oscillations might, perhaps as a “flag,”
reflect the occurrence of a percept of particular novelty or signif-
icance, which at the cellular level would require sufficient activa-
tion of metabotropic receptors. Once such activation has oc-
curred, the neuronal circuitry will have been modified (i.e., a
memory will have been formed). The memory is “read” by the
future expression of oscillation—synchronization, either in y or in
B frequencies or both. Note that what is here called “B” is 10-25
Hz, a band that overlaps the a range of human EEG nomencla-
ture. In human studies, with use of electroencephalographic and
magnetoencephalographic data supplemented with other tech-
niques that come along in future, the relations between y waves
and immediately succeeding slower waves will prove interesting.
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