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In the neonatal rat hippocampus, the first and predominant pattern of synchronized neuronal net-
work activity is early sharp waves (eSPWs) occurring at a frequency of ~2—4 events per minute.
However, how eSPWs are organized longitudinally along the septo-temporal hippocampal axis re-
mains unknown. Using silicone probe recordings from the septal and intermediate segments of the
CA1 hippocampus in neonatal rats in vivo we found that eSPWs are highly synchronized longitudi-
nally. The amplitudes of eSPWs in the septal and intermediate segments of the hippocampus were
also highly correlated. eSPWs also supported longitudinal synchronization of CA1 multiple unit ac-
tivity. Spatial-temporal analysis revealed a septal-temporal gradient with more frequent initiation of
eSPWs in the septal regions. The speed of eSPW longitudinal propagation attained ~250 mm/s. We
suggest that longitudinal correlated activity supported by synchronized eSPWs emerges early during
postnatal development and may participate in the formation of intrahippocampal connections in

the developing hippocampus.
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Early Sharp Waves (eSPWs) are the earliest
pattern of synchronized activity in the developing
rodent hippocampus considered as a prototype of
SPWs in adults [Karlsson et al., 2006; Leinekugel
et al., 2002; Marguet et al., 2015; Mohns et al.,
2007; Mohns, Blumberg, 2008; Valeeva et al.,
2019a; Buzsaki, 2015]. Similarly to the SPW-rip-
ple complexes in adults [Buzsaki, 2015; Csicsvari
et al., 2000; Ylinen et al., 1995], eSPWs are asso-
ciated with a short-lasting negative local field po-
tential deflection below the CAl pyramidal cell
layer, massive activation of synaptic inputs and
collective neuronal discharge in the hippocampal
network [Karlsson et al., 2006; Leinekugel et al.,
2002; Marguet et al., 2015; Mohns et al., 2007;
Mohns, Blumberg, 2008; Valeeva et al., 2019a;
Valeeva et al., 2019b]. Yet, despite the similarities
in general electrographic phenotype, eSPWs dis-
play some unique features different from adult
SPWs. For example, eSPWs lack the high-fre-
quency ripple oscillations that are characteristic
of adult SPWs [Buhl, Buzsaki, 2005]. Also, eSPWs
are reliably triggered by myoclonic movements of
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neonatal animals, whereas in adults, SPWs, which
mainly occur during sleep and periods of immo-
bility, are not associated with movements of the
animal [Buzsaki, 2015; Karlsson et al., 2006;
Marguet et al., 2015; Valeeva et al., 2019a]. Gen-
eration of eSPWs involves activation of entorhinal
inputs to the hippocampus suggesting that eSPWs
are bottom-up network events embedded into
large scale signaling by sensory feedback from
neonatal movements [Valeeva et al., 2019a]. In
contrast, adult SPWs are a typical top-down sig-
nal which is internally generated in the hippo-
campal network and which enable transfer of the
time-compressed replay of neuronal sequences
learned during exploration from the hippocampus
to the neocortex where memories are consolidat-
ed [Buzsaki, 2015; Chrobak, Buzsaki, 1994; Ylin-
en et al., 1995].

Understanding the network mechanisms and
physiological roles of eSPWs in the development
of hippocampal networks requires knowledge
about the spatiotemporal organization of activity
in entire hippocampal system. Previous studies
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revealed that eSPWs support remarkably high lev-
els of bilateral interhemispheric synchronization
of neuronal activity in the left and right hippo-
campi [Valeeva et al., 2019b] which is also charac-
teristic of adult SPWs [Suzuki, Smith, 1987; Buz-
saki, 1989; Buzsaki, 2015]. Adult SPWs also show
high synchrony levels along the longitudinal sep-
to-temporal hippocampal axis [Chrobak, Buzsa-
ki, 1996; Patel et al., 2013]. While each part of the
adult hippocampus is able to generate SPW-Rip-
ple complexes that further propagate towards its
septal or temporal side at a rate of ~350 mm/s,
full SPW propagation along the entire hippocam-
pus is rare and characteristic of large-amplitude
SPWs. Small-amplitude SPWs display a more lo-
cal nature [Patel et al., 2013]. In contrast, spatio-
temporal organization of hippocampal activity
during eSPWs in neonatal animals along the sep-
to-temporal hippocampal axis remains largely
unknown.

The only available knowledge on the septal-
temporal organization of activity in the develop-
ing hippocampus is based on results obtained us-
ing isolated intact hippocampus preparations in
vitro. Multisite recordings along the septo-tempo-
ral axis of the in foto neonatal hippocampus
preparation revealed that the vast majority of gi-
ant depolarizing potentials (GDPs), network ac-
tivity bursts considered as an in vitro analogue of
SPWs, are generated in the most septal part and
propagate slowly at a speed of 7—10 mm/s towards
the temporal end of the hippocampus [Leineku-
gel et al., 1998]. In keeping with this septal-tem-
poral gradient in GDP propagation, isolated seg-
ments of the hippocampus were able to generate
GDPs with the highest frequency of generation in
the septal segments [Leinekugel et al., 1998].
However, to what extent these septal-temporal
gradients and the slow propagation velocity of
GDPs in the intact hippocampus in vitro are char-
acteristic of eSPWs in rat pups in vivo remains un-
known.

Here, we addressed the spatio-temporal prop-
erties of eSPWs along the longitudinal axis of the
hippocampus in neonatal rats in vivo. With this
aim, we performed field potential and multiple
unit recordings from the septal and intermediate
hippocampal segments of head-restrained non-
anaesthetized neonatal rats using multisite sili-
cone probes.

METHODS

This work was carried out in accordance with
EU Directive 2010/63/EU for animal experi-
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ments and all animal-use protocols were ap-
proved by the French National Institute of Health
and Medical Research (INSERM, protocol
NO007.08.01) and Kazan Federal University on the
use of laboratory animals (ethical approval by the
Institutional Animal Care and Use Committee of
Kazan State Medical University N9-2013).

Wistar rats of either sex from postnatal days (P)
5—7 from in-house breeding colony were used.
Preparation of the animals for recordings was per-
formed under deep isoflurane anesthesia the day be-
fore recording as previously described [Akhmetshina
et al., 2016; Valeeva et al., 2019a]. Recordings were
performed from head-restrained non-anesthe-
tized rats. A metal ring was fixed to the skull with
dental cement and via ball-joint to a magnetic
stand. Animals were surrounded by a cotton nest
and heated via a thermal pad (35—37°C) through-
out the recording session.

Extracellular recordings of local field poten-
tials (LFPs) and multiple unit activity (MUA)
were performed along the CAl — dentate gyrus
axis of the dorsal and intermediate segments of
the hippocampus using a pair of 16-site linear sil-
icon probes with 50 wm separation distance be-
tween the electrodes (five animals) or an eight-
shank 64-site probe with 200 um separation dis-
tance (one animal; NeuroNexus, Ann Arbor, MI,
USA). Dil coated silicone probes were placed us-
ing stereotaxic coordinates [Khazipov et al.,
2015]: the septal probe and the first shank of the
array were located 1.8—1.9 mm AP, and the inter-
mediate probe — 2.3—2.4 mm AP. Eight shanks of
the array were inserted parallel with the septo-
temporal axis of the hippocampus. Bare 1.5 mm
long chlorided silver wire inserted into the occip-
ital or frontal cortex served as a ground electrode.
Signals from extracellular recordings were ampli-
fied and filtered (10000x%; 0.15—10 kHz) using a
Digital LynxSX amplifier (Neuralynx, Bozeman,
MT, USA) and digitized at 32 kHz. From 30 min
to an hour of spontaneous activity were recorded
in each animal.

After recordings the animals were deeply anes-
thetized with urethane (3 g/kg, intraperitoneally)
and perfused intracardially with 4% paraformal-
dehyde and 1% glutaraldehyde (Sigma). The
brains were removed and left for fixation for a few
days. One hundred micrometer-thick coronal
slices were cut using a Vibratome (Thermo Fisher
Scientific, Waltham, MA, USA). Electrode posi-
tions were identified from the Dil tracks overlaid
on the microphotographs of sections after cresyl
violet staining.
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Wideband recordings were preprocessed using
custom-written functions in MATLAB (Math-
Works, Natick, MA, USA). eSPWs were detected
semi-automatically from down-sampled (1,000 Hz),
bandpass filtered (3—100 Hz, digital RC filter)
LFP signals. All events reaching an amplitude
greater than 1.5 standard deviations of the filtered
LFP on s/-m and pcl channels (negative and posi-
tive peaks, respectively) were first considered as
putative eSPWs. To discard movement and static
artifacts, LFP segments from —1 s to 1 around the
eSPW were visually inspected. The eSPW onset
was defined as the time when the first LFP deriv-
ative in s/-m reached a threshold of 2 mV/s. Raw
data were filtered using a 250—4000 Hz bandpass
wavelet filter (Daubechies 4) and spikes were de-
tected as negative events exceeding —3.5 standard
deviations of the filtered signal. Time lags were
calculated from peri-onset time histograms as de-
scribed previously [Valeeva et al., 2019a].

Statistical analysis was performed using the
MATLAB Statistics toolbox. Group comparisons
were done using one- and paired-sample Wilcox-
on signed-rank tests. P-value of less than 0.05 was
considered significant. Correlations between
variables were estimated using the Spearman (7)
correlation coefficients. Unless indicated, data
are presented as mean £ SD.

RESULTS

Local field potential and multiple unit activity
were recorded simultaneously from the septal and
intermediate segments of the left hippocampus in
six P5—7 neonatal rats. The septal and intermedi-
ate recording sites were located in CAl and
spaced apart by a distance of 1.2—2.4 mm along
the longitudinal hippocampal axis (fig. 1 (a)). In
accordance with previous studies, eSPWs record-
ed at both sites had similar depth profiles with
characteristic current sinks in s. radiatum (sr) and
s. lacunosum-molecilare (sl-m) and were associat-
ed with pronounced neuronal firing in the CAl
pyramidal layer [Valeeva et al., 2019a] (fig. 1 (b)—
(d)). We found that about 94 + 3% of eSPWs co-
occurred at septal and intermediate hippocampal
segments. eSPWs recorded at septal and interme-
diate sites also well-correlated in amplitude with
an average Spearman’s r value of 0.76 £ 0.14 (n =
= 6; p <0.001; fig. 2).

Nearly half of eSPWs (44 £ 11%) occurred
largely synchronously in both segments with a
time lag between the onsets of LFP negativity
during eSPW of <3 ms (1.7 £ 0.1 ms average delay
of eSPWs in the intermediate segment from the
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septal segment; n = 6 rats; fig. 3). In 32 &= 9% of
cases, eSPWs appeared first in the septal segment
and propagated to the intermediate segment with
a 17.4 £ 4.3 ms delay (n = 6). In 24 =+ 10% of
paired events, eSPWs first emerged in the inter-
mediate segment followed by eSPWs in the septal
segment with an 18.2 + 3.4 ms delay (n = 6).
Therefore, most frequently eSPWs co-occurred
synchronously along the septal/intermediate hip-
pocampal segments, but could also propagate in
either the septal-temporal or temporal-septal di-
rection.

We further attempted to estimate the probabil-
ity of eSPW initiation and speed propagation
along the septo-temporal axis (fig. 4). Knowing
the stereotaxic coordinates and taking into ac-
count the position of the electrodes in serial sec-
tions during histological analysis we first calculat-
ed electrode position along the hippocampus.
A total longitudinal hippocampal length (L) of
~7 mm was measured in the hippocampus isolat-
ed from age-matched animals. Electrodes in the
septal segment were situated at a distance of
1.53 = 0.08 mm from the most septal end of hip-
pocampus, whereas the electrodes in the interme-
diate hippocampal segment were situated at dis-
tance of 1.78 = 0.49 mm from the electrodes in the
septal segment and at a distance of 3.69 + 0.56 mm
from the most temporal end of hippocampus. On
average, 22 + 1% of the hippocampus was situat-
ed septally from the electrodes in the septal seg-
ment (distance A), 25 £ 7% of the hippocampus
was situated between the electrodes (distance B),
and 53 * 8% of the hippocampus was temporal to
the electrode in the intermediate segment (dis-
tance C) (fig. 4 (a)). We further assumed that
eSPWs can be randomly initiated along the hip-
pocampus and that they fully propagate from the
site of initiation septally and temporally along the
entire hippocampal length. According to this as-
sumption eSPWs with the shortest delays are pre-
sumably initiated in between the electrodes and
their percentile estimated as a B/L fraction
(0.25 £ 0.07) of all eSPWs was 30 + 9% with the
delays in a time window of <2 £ 1 ms. The re-
maining eSPWs were initiated in the more septal
part A (40 = 10%) and the more temporal part C
(30 £ 9%). After correction of these values for the
length of parts 4, B and C, we further estimated
that the probability of eSPW initiation in these
parts attained 26 + 7%/mm, 17 = 2%/mm, and
8 + 2%/mm, respectively (fig. 4 (b)). These re-
sults suggest a septal-temporal gradient in eSPW
initiation that is in keeping with the results ob-
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Fig. 1. Co-occurrence of eSPWs in the septal and intermediate hippocampus of neonatal rats. (a) 7op: A schema of
recording probes location in the left hippocampus of a rat pup. Middle — Bottom: Recording sites of 16-channel
probes overlaid on a cresyl violet stained coronal slices of the septal (SH, middle) and intermediate (IH, bottom)
hippocampal segments. Scale bars, 0.5 mm. (b) Simultaneous LFP and MUA recordings from the CA1l pyramidal
cell layer (pc/, recording sites #3 and #20 on panel (a)) and str. lacunosum-moleculare (s/-m, recording sites #12 and
#26 on panel (a)) of the septal and intermediate hippocampal segments. Black arrows above the traces indicate
eSPWs. (¢) The eSPW from panel (b) (red asterisk) and average septal eSPW-triggered LFP in the septal and inter-
mediate hippocampus on an expanded time scale. (d) Septal hippocampal segment eSPWs-triggered LFPs (black)
in the septal and intermediate hippocampal segments overlaid on CSD maps.

Puc. 1. CoBMecTHast BCTpeuaeMOCTh paHHUX OCTPHIX BOJIH (pOB) B 11eperopo1o04HOM 1 MPOMEXYTOUHOM y4acTKax
TUTITTIOKaMIIa HOBOPOXAEHHBIX KPBIC. (a) Beepxy: cxeMa pacIiojloXXeHUsT perMCTPUPYIONINX 3JIEKTPOAOB B JICBOM
TMIIITOKaMITe HOBOPOXIEHHOM KPBICHL. B yenmpe — éru3y: KaHajbl 16-KaHaJIbHOIO PErMCTPUPYIOLIETO 3JIeKTPOoa,
HaJIOXXEHHBbIe Ha MUKPODOTOTrpadunio OKpalieHHOTO KPE3UI0BbIM (DMOJIETOBBIM KOPOHAJIBHOTO Cpe3a Meperopo-
nouHoro (SH, 6 yenmpe) n npomexxyrounoro (IH, énu3y) cermeHToB runmnokamMmna. MaciurabHast TMHeiiKa cooT-
BeTcTBYyeT 0.5 MM. (b) OmHOBpeMeHHas 3al1Ch JIOKaJbHOTro mnoJjieBoro noreHuuana (LFP) u moreHumnanoB neii-
ctBug nonyJsuun HeitpoHoB (MUA) B CAl nupaMmugHoM cioe (pcl, KaHaibl peructpaiuu #3 u #20 Ha maHeau
(a)) u B cioe str. lacunosum-moleculare (sl-m, xaHanbl peructpaiuu #12 u #26 Ha naHenu (a)) NEPeroposOUHOrO
U TIPOMEXKYTOYHOTO cerMeHTOB rumnnokamia. Crpenkamu o6o3HaueHbl pOB. (¢c) Ha pasBepHyToii BpeMeHHOM
mkasie npencrasieHbl pOB, o603HaueHHast Ha naHenu (b) KpacHOI 3Be304KOM, U yCpeTHEHHbIIT OTHOCUTEIBHO
Havaya pOB B meperopogoyHoM y4acTKe JOKaIbHEIH mmoeBoii moteHmal (JIIIT) Bo Bpems pOB, 3apeructpupo-
BaHHBIX B IEPErOpOAOYHOM U MPOMEXYTOUYHOM cermeHTax ruriokamiia. (d) JITIII (uepHblie TMHUN) B IEperopo-
JIOYHOM U MIPOMEXYTOYHOM CErMEHTax rUIroKaMiia, ycpeaTHeHHble OTHOCUTeIbHO Havaia pOB B nieperopoaou-
HOM CerMeHTe M HaJIOXKeHHBIe Ha KapThl INTOTHOCTH UCTOYHUKOB TOKA.

tained previously in the intact hippocampus in vi-
tro [Leinekugel et al., 1998].

We further estimated the speed of eSPW prop-
agation in the septal-temporal and temporal-sep-
tal directions from the delays of eSPWs initiated
in parts 4 and C normalized to the interelectrode
distance B (fig. 4 (c)). We found that the speed of
eSPW propagation in a septal-temporal direction
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(215 = 100 mm/s) does not significantly differ
from the speed of eSPW propagation in the tempo-
ral-septal direction (259 = 104 mm/s; p > 0.05).
These values were slightly lower than the speed of
SPW propagation in adult animals (~350 mm/s,
[Patel et al., 2013]), but much higher than the speed
of GDP propagation in the intact hippocampus in
vitro (~7—10 mm/s, [ Leinekugel et al., 1998]).
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Fig. 2. Relationships between the amplitudes of eSPWs in the septal and intermediate hippocampal segments.
(a) Relationships between eSPW amplitudes recorded in CA1l s-Im layer of septal and intermediate hippocampal seg-
ments of a P6 rat. (b) Amplitude averages of eSPWs in the septal (gray) and intermediate (black) hippocampus of six
P5—7 rats (open circles) and group values (closed circles). Error bars show SD.

Puc. 2. CoorHomeHue aMminutya pOB B reperopoo4HOM U IIPOMEKYTOUHOM CerMeHTax rurmnokamiia. (a) Coot-
HoueHue mexay amruryaamu pOB, 3apeructpupoBaHHbiMU B CAl s-/m cjioe meperopogouyHOro v IpoMesKyTod -
HOTI'O CETMEHTOB IMIIIOKaMIIa KpbIChI B Bo3pacTe 6 nHeii rmocie poxaeHus. (b) CpenHue 3HadueHust aMiuiutyn pOB
B IIEPEropoJ0YHOM (Cephlii) 1 MPOMEXYTOUYHOM (UEpHBIil) yyacTKax TMIIITOKaMIla IIeCTU KphIC B Bo3pacTe 5—
7 nHeii mocie poxaeHus (IyCThle KpYIiibie CUMBOJIBI) Y TPYITITOBBIE TaHHBIC (3aIT0JTHEHHBIE CUMBOJIBI). BenunHa
IMOTPEIIHOCTH IT0Ka3aHa B BUIE CTAHAAPTHOTO OTKJIIOHEHUSI.

We also asked whether eSPW amplitude
changes during their propagation along the hip-
pocampus. To this aim, we compared the relative
amplitudes of eSPWs generated in parts 4 and C at
the proximal and distant recording sites. In both
cases, propagating eSPWs showed a tendency to
fade at the more distant site attaining 86 £ 19% of
the amplitude at the proximal site in cases of
septal-temporal propagation from part A, and
82 + 20% in cases of temporal-septal propagation
from part C, but this difference was not significant
(p = 0.68). These results indicate that eSPWs fade
little during longitudinal propagation in both di-
rections, at least within the distances explored
here.

We performed analysis of MUA associated
with eSPWs at the septal and intermediate seg-
ments of the hippocampus (fig. 5). Normalized
MUA peri-event time histograms (PETHs) trig-
gered by septal eSPW onsets attained maximal
values of 6.6 £ 3.3% spikes per ms (6.6 £ 1.3-fold
increase above baseline) and 4.7 £ 1.5% spikes per
ms (6.7 + 3.0-fold increase above baseline) with
time lags of 72 £ 29 ms and 52 £+ 13 ms (p > 0.05)
in the septal and intermediate segments, respec-
tively. The cross-correlation of MUA between the
two recording sites within % 1 s time window from
the eSPW onset revealed no significant longitudi-
nal time lag (—4.0 £ 7.1 ms), while the peak of the
cross-correlation attained 2.1 = 0.8% spikes per
ms (n = 4 rats; fig. 5 (b)). Thereby, eSPWs sup-
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ported a high level of longitudinal synchroniza-
tion of multiple unit activity. Separate MUA anal-
ysis during eSPWs originating in portions 4 and C
failed to reveal a significant time difference of
MUA at either of the electrodes, however (not
shown), this could be due to a long-lasting in-
crease in MUA through the time course of eSPW
relative to the short time lags expected for the rap-
idly propagating eSPWs.

DISCUSSION

Our main finding is that eSPWs are highly syn-
chronized and support correlated neuronal activ-
ity along the septo-temporal hippocampal axis in
rat pups in vivo. We found that nearly all eSPWs
co-occur in the septal and intermediate hippo-
campal segments. Spatial-temporal analysis of
eSPWs suggested that eSPWs are more often ini-
tiated in the septal regions of hippocampus than
in the temporal regions, which is in keeping with
the septal-temporal gradient in the neonatal rat
hippocampus previously described in the intact
hippocampus in vitro [Leinekugel et al., 1998].
This septal-temporal gradient was not observed in
adult animals, where the probability of SPW-rip-
ple occurrence is similar along the entire extent of
the septo-temporal axis, indicating that each seg-
ment of the hippocampus can equally support
both SPWs and ripples [Patel et al., 2013] suggest-
ing that the septal-temporal gradient in eSPW ini-
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Fig. 3. Temporal relationships between eSPWs recorded in the septal and intermediate hippocampal segments. (a)
Septal eSPW onset-triggered raster plot of intermediate eSPW onsets presented for an individual animal. (b) Septal
segment eSPW onset-triggered normalized PETH of intermediate eSPW onsets. Group average (open circle;
mean = SD; n = 6 animals) show the peak value of normalized PETH and the time lag between septal and interme-
diate eSPWs. (c) Average time lags between eSPWs in the septal and intermediate hippocampal segments in six
P5—7 rats. Error bars show SD. Distance between two recording sites along the septal-temporal hippocampal axis is
shown for each animal on the right.

Puc. 3. BpemeHHée cooTHolieHue Mexny pOB, 3aperncTprupoBaHHBIMU B TTIEPETOPOIOYHOM 1 TPOMEXYTOUYHOM
cerMeHTax rurmokamiia. (a) I'paduk pacnpenmenenus BpemeH Hadajia pOB, BO3HUKIINX B IIPOMEXYTOUYHOM
y4JacTKe, OTHOCUTEeJIbHO BpeMeHU Hayaja pOB B neperopomouHom ydyactke (0 Mc) runmokamima OTHOIO u3
XKUBOTHBIX. (b) HopMmanu3oBaHHasi ructorpaMmma pacripenejieHus BpeMeH Hayajia pOB mpomekyToyHoro yyacr-
Ka OTHOCUTEJIbHO BpeMeHH Hadana pOB neperopomoyHoro yyactka rurmokamiia (0 Mc). BenmnunHa rpynoBoro
cpenHero (0603HaYeHO KPYIJIBIM CUMBOJIOM; # = 6 KUBOTHBIX) CO CTAHAAPTHBIM OTKJIOHEHHEM MOKAa3bIBACT M-
KOBOE 3HaUeHHe HOPMAJIU30BAHHOI I'MCTOrPaMMBbl U BpeMEHHYVIO 3aiepxkKy Mexay pOB, peructpupyeMbiMu B
IeperopoIOIHOM M ITPOMEKYTOUHOM yJacTKax rurmokamiia. (¢) CpemnHee 3HaUeHHe 3aaepkku Mexy pOB B me-
pPEropoOoYHOM U ITPOMEXYTOUYHOM CETMEHTAaX TMITIIOKaMIIa IIeCTH KPhIC B Bo3pacTe 5—7 mHeil 1mocie poXaeHus.
BenuuuHa rorpenrHocTu okaszaHa B BUe CTaHIApTHOTO OTKJIOHeHUsI. CripaBa ISl KaXKI0TO XKMBOTHOTO YKa3aHO

PacCTOAHUE MCXKOY ABYMA ydaCTKaMU perucrpaiiv BOJOJIb HCperOpOHO‘{HO—BI/ICO‘IHOﬁ OCH IrMIIIIoKamiIia.

tiation is a developmental phenomenon which is
lost during maturation. The slightly lower velocity
of the longitudinal eSPW propagation observed in
the present study (~250 mm/s) compared to adult
SWPs (~350 mm/s) is probably due to a slower
axonal conduction velocity in the immature neu-
rons and less developed CA3 recurrent network
[Gomez-Di Cesare et al., 1998]. It is conceivable
that longitudinal eSPW synchronization in CAl
hippocampus involves the longitudinal recurrent
CA3 network which is the origin of adult SPWs
[Buzsaki, 2015; Csicsvari et al., 2000; Ylinen et al.,
1995], and which is also involved in generation of
eSPWs in neonates in both septal and intermedi-
ate segments as manifested by a current sink of
eSPWs in CAl sr (fig. 1), where CA3-CAl syn-
apses are located. In addition, longitudinal eSP-
Ws synchronization may also involve synchro-
nous inputs from the entorhinal cortex, which is
evidenced by synchronous eSPW current sinks in
the septal and intermediate segments in the CAl
sl-m, where synapses from the entorhinal cortex
are located (fig. 1, see also [Valeeva et al., 2019a]).

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

While the septal-temporal gradient in eSPW
initiation is also characteristic of GDPs in the iso-
lated hippocampus in vitro, the speed of GDP
propagation is much slower (~7—10 mm/s)
[Leinekugel et al., 1998] than that of eSPWs in vi-
vo (~250 mm/s). The low speed of GDP propaga-
tion has been previously attributed to long and
variable delays of spikes evoked by depolarizing
GABA, which is importantly involved in genera-
tion of GDPs, and to the shunting effects of depo-
larizing GABA [Valeeva et al., 2010; Khalilov et al.,
2015]. In keeping with this, blockade of GABAer-
gic transmission transforms slowly propagating
GDPs to fast propagating hypersynchronous, glu-
tamate-driven epileptiform events [Khalilov et al.,
1997; Lamsa et al., 2000; Valeeva et al., 2010],
which are also evoked by GABA(A) receptor
blockade in the neonatal hippocampus in vivo
[Baram, Snead, 1990]. While the excitatory ac-
tions of GABA in the neonatal cortex in vivo are
debated [Valeeva et al., 2016; Kirmse et al., 2015;
Kirmse et al., 2018], these findings suggest that
independently of whether GABA exerts depolar-
izing or hyperpolarizing actions, the roles of
Ne 3
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Fig. 4. Estimates of eSPW initiation along the septal-temporal hippocampal axis. (a) A scheme of septal and inter-
mediate probe locations along the septal-temporal hippocampal axis. The arrows point to average coordinate values
with horizontal bars showing SD calculated across 6 animals. The probe positions divide the full length of hippo-
campus (L) into three parts: the septal part — distance A, distance B between the two probes and distance C, tem-
poral to the intermediate probe. (b) Top, colour coded probability of eSPWs initiation in the parts A, B and C nor-
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malized to the length of each part in six P5—7 rats. Bottom, average eSPW initiation probability in different parts
along the septal-temporal hippocampal axis. Gray lines indicate SE. (c) Example traces of LFP averages in CA1 s/-m
of septal and intermediate hippocampal segments during eSPWs initiated in parts A, Band C. For each group, LFPs
were averaged over 10—50 eSPWs recorded from a P7 rat. Bottom plots show traces around the eSPW onset on an
expanded time scale.

Puc. 4. BeposgTHoCTh BO3HUKHOBeHMs1 pOB B0 ITeperopoaouHO-BUCOYHOI ocu rurnokamia. (a) Cxema pac-
MOJIOKEHUSI PETUCTPUPYIOIIUX 3JIEKTPOIOB BAOJIb IIEPErOPOIOYHO-BUCOYHOI ocy ruItnokamIia. CTpenaku yKa3bl-
BalOT Ha YCPEIMHEHHBIE 10 6 )KUBOTHBIM KOOPIWHATHI PACITOJIOXKEHUS 3JIEKTPOIOB, TOPU3OHTAJIbHBIC JIMHUU OTpa-
KaloT BEJIMYMHY CTAaHIAPTHOTO OTKJIOHEeHUsI. PacnonoxkeHue 3JIeKTpoa0oB ASIUT BCIO IUIMHY rurmnokamia (L) Ha
TPM y4yacTKa: MeperopoaoyHasi 4aCTb — y4acTOK A, y4acTOK B MexXay NBYMsI 3JIEKTpoaaMu U ydacTok C, TIpOCTU-
PAOIINIICS B BUCOYHOM HAIIPaBJICHHUU OT JIEKTPO/Ia IIPOMEXYTOUHOTO cerMeHTa. (b) Beepxy: IBeTOBast KapTa Be-
posiTHOCTH Bo3HUKHOBeHMs pOB Ha yuyacTtkax A, Bu C, HopMaIM30BaHHO K IJIMHE Kaxaoro yyacTtka. I[Ipencras-
JIEHBI JaHHBIE 10 6 XXKUBOTHBIM B BO3pacTe 5—7 MHeil mocie poxaeHus. Buu3y: CpeaHsisi BEPOSITHOCTh BOSHUKHO-
BeHMs pOB B pa3IMYHBIX ydacTKax BIOJb MIEPETOPOIOIHO-BUCOYHOM ocH Tumiokamia. Cepble TUHUM OTPaKaioT
BeJIMYMHY cTaHaapTHoit ommoku. (¢) [Ipumepsl ycpennenHoro JITII B CAl s/-m neperopogoyHOro U IpoMexy-
TOYHOTO cerMeHTOB BO BpeMsi pOB, Bo3HuKIIMX Ha yyactkax A, Bu C. 11 KaXI0ii rpyIibl ycpeaqHeHue IMpoBO-
mun 1o 10—50 pOB, 3aperncTprupoBaHHBIM Y KPBICHL B BO3pacTe 7 AHEM Imocie poxaeHus. HiokHue rpaduku mmo-
Ka3bIBaloT (hopMy cUTHaJIa B o6actv Hayaja pOB Ha pa3BepHyTOI BpeMEeHHOI 1IKae.

GABA at the network level remain mainly inhib- CONCLUSIONS

itory in vivo and fast rate of eSPW propagation
along the hippocampus mainly involves glutama-
tergic mechanisms including the CA3 recurrent
circuit and synchronous entorhinal input as dis-
cussed above.

In conclusion, we have shown that longitudi-
nal synchronization of activity in the hippocam-
pal system emerges early during postnatal devel-
opment (it is already present in the electrical ac-
tivity of several days old rat pups) and that early
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Fig. 5. Longitudinal synchronization of CA1 multiple unit activity during eSPWs. (a) Septal hippocampal segment
eSPW onset-triggered MUA PETHs in septal and intermediate hippocampal segments. Average values are shown by
open circles, bars show SD. (b) Normalized MUA cross-correlogram in intermediate vs. septal hippocampal seg-
ments within the time window of eSPWs. (a), (b): Group averages from 4 animals. Gray lines show standard errors.

Puc. 5. [IpononbHasi CHHXpOHUM3AIMsI MHOXKECTBEHHBIX IToTeH1naioB neiicteus (I11) CAl nomynsinuu HeipoOHOB
Bo Bpems pOB. (a) [ucrorpamma pacnpenenenus spemet I1J1 orHocurensHo Havana pOB, 3aperncrpupoBaHHBIX
B IIEPEropoI0YHOM cerMeHTe runnokamia. CpeaHee 3HaueHUe 0003HAYEHO KPYTJIbIM CUMBOJIOM, B KAUeCTBE MO-
IrPEIIHOCTH TTOKa3aHO CTaHIapTHOe oTKJIoHeHe. (b) HopmanuzoBaHHast Kpocc-kKoppesiorpamma BpemeH I1/1, re-
HepupyeMbIX Bo BpeMsi pOB B MpoMeXXyTOYHOM CerMeHTe TMITIoKaMIIa, TTo OTHOIIeHuo K I1/] B meperopogoyHoM
cermeHTte. (a), (b): I'pynnoBble naHHbIe O 4 KMBOTHLIM. Cepble JUHUM MOKA3bIBAIOT BEJIMUYMHY CTaHAAPTHOMU
OLIMOKU.

KYPHAJI BBICHIEM HEPBHOM JEATEABHOCTU TomM 70 Ne 3 2020



EARLY SHARP WAVE SYNCHRONIZATION ALONG

longitudinal synchronization is supported by
highly correlated eSPWs. Longitudinal synchro-
nization of eSPWs likely contributes to the devel-
opment of intrahippocampal synaptic connec-
tions by means of synchronization of neuronal ac-
tivity and activity-dependent plasticity. Our
results also provide further evidence that eSPWs
are a developmental prototype of adult SPWs,
which also display a high level of longitudinal syn-
chrony [Patel et al., 2013; Buzsaki, 2015].
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CUHXPOHM3AIINA PAHHUX OCTPbIX BOJIH BAOJIb
IMEPETOPOJOYHO-BUCOYHON OCH I'MIIIIOKAMIIA
HOBOPOXIEHHbBIX KPbIC

I. P. Baneesa!, B. C. PorukoBa!, /I. E. Bunokyposa', A. P. Hacperaunos', P. H. Xa3unos'-**
!Ta6opamopus neiipo6uonoeuu, Kazanckuii pedepanvhuiii ynusepcumem, Kazanw, Poccus

2Vuusepcumem Jxc-Mapcens, CpeduzeMHOMOPCKUL UHCMUMYM HelpoGUotoeul,
Hayuonanvhwiit uncmumym 300poevs u meduyunckux ucciedoganuti, Mapceav, Opanyus

#e-mail: roustem.khazipov@inserm.fi

Pannwne octprie BoiHEL (pOB) SIBASIOTCS TIEPBHIM U IIPe00IagaloIIIM IaTTEPHOM CUHXPOHU3U -
POBaHHOM CETeBOM aKTMBHOCTH HEHPOHOB B TMINIOKAMIIE HOBOPOXIEHHBIX KPBIC, BCTpeYaro-
IIAMCS C YaCTOTOM OKOJIO 2—4 coOBITHIT B MUHYTY. OTHAKO OCTAaeTCSI HEM3YUYEHHOM ITPOIOIbHAS
opranuzanus pOB BooJb ITeperopoouHO-BUCOYHOM (CENTO-TeMITOpabHOI) OCH TUIIIOKaMIIa.
C NoMOIIIbIO perucTpalii aKTUBHOCTY B MEPErOPOAOYHOM U TIPOMEXYTOUHOM cerMeHTax CAl
TUMIIOKaMIla HOBOPOXIEHHBIX KPbIC in Vivo Mbl OOHapyXuiau, 4to pOB mposBISIIOT BBICOKYIO
CTEIIeHb IIPOAOJIbHOM cCMHXpOoHM3anuu. AMimTyaa pOB B rieperopo1o4HoM 1 IIpOMEXKYyTOUHOM
CerMeHTaXx TOXe MMeJia BBICOKYIO CTeNeHb KOppeasiiuu. MHOXeCTBEHHbIE pa3psabl MOMYJIS LU
CA1 ueiiponoB Bo BpeMs pOB Takske OB CHHXPOHMW3WPOBAHbBI BIOJb IUTMHHOM OCH TUITITOKAM-
na. AHanaus MNPpOCTPAaHCTBECHHO-BPEMECHHDBIX CBOICTB BBISIBUJI HaJIM4ue MeperopogoyYyHoO-BNCOY -
HOTO TpagueHTa, Ipu KotopoM pOB yaie Bo3HUKAIU B MeperopogoyHoii ooiaactu. CKOpoCTh
MPOAOJILHOTO pacrpocTpaHeHusi pOB nocturana npumepHo 250 MmM/c. Mbl TipeamnoiaraeM, 4YTo
MIPOIOJIbHAsI CHHXpOHM3AlIMS aKTUBHOCTHU, oOecrieunBaeMasi pOB, Bo3HMKaeT BO BpeMsI paHHETO
MMOCTHATAJILHOTO Pa3BUTHS U MOXET YJ4aCTBOBAaTh B (hOPMUPOBAHNY BHYTPEHHUX CBSI3€il pa3BU-

Barouicrocd ruriioxkamiia.

Knroueeote crosa: TUIIIIOKAaMII, HOBOpO)K,I[eHHbeI, OCTPbIC BOJIHbI, CUHXpOHU3allusid
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