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Impact of Spikelets on Hippocampal
CA1 Pyramidal Cell Activity During
Spatial Exploration
Jérôme Epsztein,*† Albert K. Lee,*‡ Edith Chorev, Michael Brecht
In vivo intracellular recordings of hippocampal neurons reveal the occurrence of fast events of
small amplitude called spikelets or fast prepotentials. Because intracellular recordings have been
restricted to anesthetized or head-fixed animals, it is not known how spikelet activity contributes to
hippocampal spatial representations. We addressed this question in CA1 pyramidal cells by using in
vivo whole-cell recording in freely moving rats. We observed a high incidence of spikelets that
occurred either in isolation or in bursts and could drive spiking as fast prepotentials of action
potentials. Spikelets strongly contributed to spiking activity, driving ~30% of all action potentials.
CA1 pyramidal cell firing and spikelet activity were comodulated as a function of the animal’s
location in the environment. We conclude that spikelets have a major impact on hippocampal
activity during spatial exploration.
pikelets are voltage fluctuations of small
amplitude with a spike-like waveform.
They were initially described in in vivo
intracellular recordings from the hippocampus
and inferior olive of anesthetized animals (1, 2).
Further in vitro experimental work using paired
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recordings has shown that spikelets can result
from direct action potential transmission via
electrical coupling between principal cells (3, 4)
and interneurons (5–12). In the hippocampus, it
has been suggested that such coupling can occur
between the axons of principal neurons (13, 14).
However, it has also been suggested that spikelets could reflect the occurrence of ectopic
axonal spikes (15–17) or dendritic spikes (1),
and the exact origin of spikelet activity remains
to be clarified. Because spikelets are difficult to
detect with extracellular techniques classically
used to record neuronal activity in freely moving animals, nothing is known about how these
events contribute to hippocampal spatial representations (18, 19). To address this question, we
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used head-anchored whole-cell recording in
freely moving rats (20–23) and analyzed spikelet
activity during spatial exploration (22).
Recordings were performed in current clamp
mode while the animal freely explored an Oshaped maze. We first characterized the properties of hippocampal spikelets (Fig. 1). In an
identified CA1 pyramidal cell (Fig. 1A), we
observed fast all-or-none events of small amplitude (Fig. 1B, upper trace) that occurred at high
frequency (mean = 4.96 Hz) while the rat ran
around the maze (Fig. 1B, lower trace). In 10
neurons, these events had electrophysiological
characteristics (Fig. 1C) matching those of previously described spikelets such as a fast rise time
(mean T SEM = 0.56 T 0.08 ms), a biphasic decay (t1 = 0.87 T 0.11 ms; t2 = 17.3 T 5.2 ms), a
small amplitude (mean = 7.03 T 1.00 mV), and
all-or-none behavior. Spikelets had much faster
kinetics and higher amplitude (P < 0.01) than did
excitatory postsynaptic events recorded in the
same cells (Fig. 1, D and E, and fig. S1). On the
other hand, they were much slower and smaller
(P < 0.001) than action potentials (APs) (Fig. 1F
and fig. S1).
Spikelets were found in a majority of recorded CA1 pyramidal cells (10 out of 16 cells)
and occurred with a mean frequency of 4.8 T
1.6 Hz. Spikelets could be observed either isolated or in the form of short bursts (mean burst
duration = 19 T 1 ms; Fig. 2, A and B). Bursts
consisted of three to six spikelets (mean = 3.2 T
0.4) at high frequency (mean = 138 T 9 Hz, Fig.
2C) often embedded with APs (in five cells with
spikelet bursts).
How are spikelets related to the neuron’s suprathreshold activity? To address this, we first
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rently in use (21–26), confirming clinical practice
as a major driver of pathogen evolution and
lending heightened importance to understanding
the relevance of other homoplasies. Such insights
inform future surveillance strategies for the detection of emerging clones and management of
epidemic spread. We fully anticipate that, as the
technology and analytical methods improve, the
approach described here will underpin the next
wave of molecular data for epidemiological and
microevolutionary studies in bacteria.

REPORTS
A number of observations suggest that sh-APs
are actually APs initiated by spikelets: Spikelets
and shoulder potentials had (i) similar rates of
rise (12.5 T 2.4 versus 13.1 T 2.6 V/s; P = 0.78),
(ii) similar peak dV/dt (15.1 T 3.6 versus 19.1 T
7.5 V/s; P = 0.90), and (iii) sh-APs were never
seen in cells that had no spikelet activity (n =
6 out of 6) (fig. S3). That spikelets are sufficient
to trigger spikes is strongly supported by the
temporal correlation of all spikelet (including
shoulder potentials) and AP activity. As shown in
the spikelet-AP crosscorrelogram (Fig. 3, D and
E), APs were tightly time-locked to spikelets,
suggesting that it is the occurrence of the spikelet
rather than other inputs that ultimately drives
those APs. In addition to the sharp millisecond
time scale locking of spikelets and AP activity,
we also observed a broader temporal correlation
on the 10-ms time scale. As stated above,
spikelets often occurred in the form of high fre-

quency bursts with interspikelet intervals in that
range (range from 6.1 to 9 ms, n = 5). The modulation of the spikelet-AP crosscorrelogram with
similar intervals is in line with the idea that a
large proportion of APs are driven by spikelets.
To further test that sh-APs are driven by spikelets,
we also performed current injection experiments
in four neurons with spikelets in anesthetized
animals and computed the spikelet-to-AP transfer
ratio (the ratio of shoulder potentials to all spikelets, including both isolated spikelets and the
ones in the form of shoulder potentials). We
observed a significant increase in the spikelet-toAP transfer ratio during depolarization by current
injection in two of these neurons (we could not
assess the effect of current injection in a statistically meaningful way in the two remaining
cells) (fig. S4).
We then quantified the occurrence of sh-APs
in CA1 pyramidal cells. Sh-APs could be ob-
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analyzed whether spikelets contribute to AP activity. Spikelets could be recorded as fast prepotentials of APs as previously described (1, 2, 24)
(Fig. 3A). Close examination (Fig. 3B) revealed
two populations of APs in our data set: some
starting abruptly from a slowly rising baseline
membrane potential (we refer to them as fullblown APs, fb-APs) and some starting with a
faster initial rising phase (we refer to this second
class of APs as shoulder APs, sh-APs). When the
first derivative (dV/dt) of the AP was computed
(Fig. 3C), a characteristic initial rising phase
(shoulder potential) was seen before the threshold
for sh-APs, whereas no such shoulder was observed for fb-APs or APs evoked by current step
injection. The distinction between fb-APs and
sh-APs became much clearer when the rate of
rise of the membrane potential in the 1 ms immediately preceding the AP threshold (50 V/s)
was computed (fig. S2).
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increased in this location (Fig. 4, A and B, and
fig. S5A). The sh-AP rate was also specifically
increased in the same location, indicating that
spikelet activity contributed to spiking activity
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with respect to the AP field regardless of behavioral state. What about the sh-APs, which represent the direct effect of spikelets on spiking?
The mean sh-AP rate was higher inside versus
outside the AP field (Fig. 4E), and this relation
held during both exploration (2.86 Hz versus
0.43 Hz, P = 0.058; Fig. 4F) and rest (fig. S7B).
However, the proportion of all APs that was driven by spikelets was not different inside versus
outside the field during exploration (0.45 versus
0.42, P = 0.79, Fig. 4G) or rest (fig. S7C). In
contrast, the spikelet-AP transfer ratio was higher
inside versus outside the field during exploration
(0.29 versus 0.07, P < 0.05, Fig. 4H) and similarly
so, but by a lesser amount, during rest (fig. S7D).
Thus, spikelets have their maximum impact on
spiking within the place field during exploratory
behavior. On the basis of the findings from our
current injection experiments, we suggest that the
increased efficacy of spikelets results from membrane potential depolarization inside the place
field (23, 27).
Spikelets have been observed in intracellular
recordings of a variety of neuronal types both in
vivo and in vitro. In the hippocampus, in vitro
slice recordings as well as computational simulations suggest an important synchronizing role
for spikelets during spontaneous high-frequency
oscillations (28) and acute pharmacologically induced epileptiform activity (29–33). Here, intracellular recordings in freely behaving animals
allowed us to assess the role of spikelet activity
during spatial exploration. In hippocampal CA1
pyramidal cells with spatially modulated spiking,
the frequency of spikelets was elevated within the
place field; however, in those cells lacking clear
spatial modulation of spiking, spikelet as well as
spike frequency were both low. Together with the
observation that spikelets can powerfully influence the spiking behavior of CA1 pyramidal
cells, these results provide new insights into why
hippocampal place cells fire where they fire.
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recorded inside the place field (Fig. 4, A and B).
In two out of the three recorded place cells, AP
and spikelet activity were spatially comodulated,
whereas the remaining cell showed no spikelet
activity.
We also analyzed spiking and spikelet spatial
modulation in four additional cells where the rat’s
spatial exploration was sufficient (i.e., a single
lap around the maze) for spatial modulation
analysis but which we could not unambiguously
classify as place cells [because of the absence of
data across multiple laps (25)]. The AP firing rate
was spatially modulated in all four of these cells,
and the spikelet rate in two. Remarkably, three of
these cells showed significant spatial comodulation of spike and spikelet rate (P < 0.05, figs. S5B
and S6). Overall, out of six spatially modulated
cells with spikelets (two of which were classified
as place cells), five showed significant (P < 0.05)
comodulation. We conclude that, like spiking
activity, spikelet activity can be spatially modulated in CA1 pyramidal cells and that both types
of cellular activity are spatially aligned.
We then analyzed spikelet activity in the non–
place-modulated cells. In these cells, the overall
spiking activity was very low, as previously described (26). Interestingly, only one out of four
non–place-modulated cells showed spikelet activity, and in this cell spikelet frequency was low
(0.12 Hz). Furthermore, this cell showed no
spatial modulation of spikelet activity.
Further analysis was done to investigate the
specific functional contribution of spikelets to
in-field spiking during spatial exploration. The
animal’s behavior was classified into periods of
exploratory versus resting (but awake) behavior
and separately into periods inside versus outside
the AP firing rate field (25) for the six spatially
modulated cells with spikelets. The mean spikelet firing rate was higher inside compared with
outside the field (Fig. 4C), consistent with the
spatial comodulation of AP and spikelet firing
rates. This difference was preserved when considering only periods of exploratory behavior
(7.82 Hz inside versus 3.50 Hz outside, P <
0.05; Fig. 4D). The in-field spikelet rate was not
different between exploration and rest (P =
0.53), as was also the case for the out-of-field
rate (P = 0.98) (Fig. 4D and fig. S7A). Thus, the
spikelet rate depends on the animal’s location
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