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Abstract

At early developmental stages, immature neuronal networks of the neocortex and hippocampus spontaneously exhibit synchronously
oscillating activities, which are believed to play roles in normal circuit maturation. The tissue development of the dentate gyrus (DG) in
the hippocampal formation is exceptionally late compared with other brain regions and persists until postnatal periods. Using patch-
clamp recording and functional multineuron calcium imaging, we found that the DG networks of postnatal day (P)3-7 mice
spontaneously generated traveling waves of action potentials, which were initiated at the upper blade of the granule cell layer and
propagated to the lower blade. The propagation was dependent on glutamatergic and electrical synapses, but not on GABAergic
receptor activity. Remarkably, the DG waves were almost completely abolished in offspring born to female rats exposed to restraint
stress during pregnancy. In the prenatally stressed offspring, DG granule cell dendrites developed normally until P3 and showed

atrophy by P9. Thus, the DG waves may be required for the maturation of DG granule cells.

Introduction

Immature neuronal networks exhibit large-scale rhythmic activity.
These early network oscillations prevail in various regions of the
developing brain, including the neocortex (Yuste et al., 1992;
Garaschuk ef al., 2000), hippocampus (Ben-Ari et al., 1989), and
cerebellum (Watt et al., 2009). These oscillations are accompanied by
intracellular calcium elevations and may regulate neuronal differen-
tiation, neurite elongation, synaptogenesis, and network formation
(Spitzer, 2006; Blankenship & Feller, 2010), although their functional
significance has not been strictly defined.

In the rodent hippocampal formation, the dentate gyrus (DG)
primarily develops during the first postnatal week (Altman & Bayer,
1990). Although neurogenesis of DG granule cells persists into
adulthood, the granule cells formed during this neonatal period
predominate in the adult DG (Muramatsu et al., 2007). Therefore, the
considerable structural reorganization in postnatal DG networks
provides a useful experimental model to examine the early develop-
ment of brain networks and the long-term consequences of the
development process. In the present study, we report that the
developing DG exhibits a novel form of early network waves.

Stress has long-term sequelae; for instance, the risk of major
depressive disorder increases in adults who suffered from stress early
in life. In animal models (Hosseini-Sharifabad & Hadinedoushan,
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2007; Tamura et al., 2011), offspring born to female rats exposed to
restraint stress during pregnancy exhibit poorly arborized dendritic
trees of granule cells in the DG, an area of the brain whose
malformation has been implicated in depression and cognitive deficit.
However, it is unknown when and how this dendritic atrophy appears
during development. We found that, in mice exposed to prenatal
stress, granule cell dendrites developed normally until postnatal day
(P)3 and showed atrophy by P9. Remarkably, the DG waves were
almost completely abolished in P3 mice that had been exposed to
prenatal stress. Thus, the DG network waves may underlie the
maturation of DG granule cells.

Materials and methods
Animal experiment ethics

All experiments were performed with the approval of the animal
experiment ethics committee at the University of Tokyo (approval
number 19-35) and in accordance with the University of Tokyo
guidelines for the care and use of laboratory animals.

Slice preparations

The P1-13 ICR mice of either sex (SLC, Shizuoka, Japan) were
anesthetized with ether and decapitated. The brain was immersed in
ice-cold modified artificial cerebrospinal fluid (aCSF) consisting of (in
mM) — 27 NaHCOs;, 1.4 NaH,PO,, 2.5 KCI, 0.5 ascorbic acid, 7.0
MgS0O,, 1.0 CaCl,, and 222 sucrose, bubbled with 95% O, and 5%
CO,. Entorhino-hippocampal slices were cut at a thickness of 400 um
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using a vibratome (VT1200S; Leica, Heidelberg, Germany). Unless
otherwise specified, the slices were made in the horizontal direction.
They were maintained for more than 30 min at room temperature
(23-25 °C) in normal aCSF consisting of (in mm) — 127 NaCl, 26
NaHCOs;, 1.6 KCI, 1.24 KH,PO,, 1.3 MgSO,, 2.4 CaCl,, and 10
glucose. In some experiments, a small incision was manually made in
the slices. After a slice was placed in a recording chamber, the
molecular layer or the hilus was carefully incised at the DG crest in the
direction perpendicular to the granule cell layer using a surgical
microknife under transmitted-light microscopic control.

Calcium imaging

Slices were incubated for 20—40 min at room temperature with
0.0005% Oregon Green 488 1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid-1 acetoxymethyl ester (Invitrogen, Gai-
thersburg, MD, USA), 0.01% Pluronic F-127 (Invitrogen), and 0.005%
Cremophor EL (Sigma-Aldrich, St Louis, MO, USA), and were
allowed to recover in aCSF for 60 min. The slices were transferred to a
recording chamber perfused with aCSF at a rate of 1.5-2.0 mL/min.
The emergence of the traveling waves did not significantly differ
between 23-25 °C and 35-37 °C (Supporting Information Fig. S1).
Therefore, unless otherwise specified, data were acquired at 23-25 °C,
which enabled optical imaging for a longer time. Calcium activity was
imaged from the DG. Images (16-bit intensity, 256 X 256 or
512 x 512 pixels, 410 x 410 um?) were captured at 10-50 frames/s
with a Nipkow-disk confocal unit (CSU-X1; Yokogawa Electric,
Tokyo, Japan), a cooled charge-coupled device camera (iXon DU897;
Andor Technology, Belfast, UK), an upright microscope (Axio
Examiner D1; Carl Zeiss, Oberkochen, Germany) with a water-
immersion objective (20 X, 1.0 numerical aperture; Carl Zeiss), and
image acquisition software (SOLIS, Andor Technology). Fluorophores
were excited at 488 nm with an argon—krypton laser (10-15 mW, 641-
YB-AO1; Melles Griot, Carlsbad, CA, USA) and visualized using a
507-nm long-pass emission filter. Data analysis was performed with
custom-made software written in Microsoft Visual Basic and Matlab.
Neurons were numbered along the longitudinal axis of the granule cell
layer in a direction from the upper blade to the lower blade.
Fluorescence changes in the soma of each cell were measured as
(F—Fy)/Fo, where F, is the fluorescence intensity at any time point
and Fj is the average baseline across 10 s before and after time 7.
Neurons were discriminated from other cell types, such as glia, based
on the kinetics of their calcium dynamics (Sasaki et al., 2007). The
onsets of calcium signals were determined by thresholding 4 x SDs of
the baseline. The events of all neurons recorded in a single movie
(typically 100-250 neurons) were combined into a raster plot. Any
synchronized activity that recruited more than 40% of the total
monitored cells at the same time was defined as an early network
wave-relevant event. All other calcium activities were regarded as
wave-irrelevant events, termed ‘sporadic’ activity. The onset timings
of individual calcium events were approximated to a single linear
function using the least-squares method, and the best-fit slope was
used to calculate the velocity of the wave propagation.

Electrophysiology

Granule cells were visually identified using infrared differential
interference contrast microscopy. For loose cell-attached recordings,
borosilicate glass pipettes (7-9 MQ) were filled with aCSF (Sasaki
et al., 2011). For whole-cell recordings, borosilicate glass pipettes (7—
9 MQ) were filled with a solution consisting of 120 mM K-gluconate,

20 mM KCl, 5 mm NaCl, 4 mm MgCl,, 10 mm HEPES, 10 mm
phosphocreatine, 4 mm MgATP, 0.3 mm NaGTP, and 0.1 mm
EGTA. Data were obtained using a MultiClamp 700B amplifier and
a Digidata 1440A digitizer controlled by PCLAMP 10 software
(Molecular Devices, Union City, CA, USA). Signals were low-pass
filtered at 2 kHz and digitized at 20 kHz.

Pharmacology

Tetrodotoxin (1 uM), picrotoxin (50 um), D,L-2-amino-5-phosphono-
pentanoic acid (50 uM), carbenoxolone (100 um), 6-cyano-7-nitro-
quinoxaline-2,3-dione (10 uM), and 18-f-glycyrrhetinic — acid
(100 um) were purchased from Sigma-Aldrich. The drug solution
was prepared immediately before use and perfused into the recording
chamber.

Prenatal stress

Pregnant female ICR mice were housed individually after embryonic
day 13-19 and were subjected to a repeated restraint stress procedure
according to Lemaire e al. (2000). A pregnant mouse was forced to
stay in a transparent cylindrical cage (¢ 3 cm) that was illuminated at
2000 lux. A single session lasted for 45 min and was repeated three
times at intervals of 2.5-5 h within 1 day. This procedure was applied
every day from embryonic day 13 until delivery, i.e. embryonic day
19. Each session was conducted during the light phase, but the start
time was not fixed to avoid prediction or habituation to the restraint
stress. Control mice were kept in home cages.

Immunohistochemistry

After experiments, slices were postfixed with 4% paraformaldehyde at
4 °C for 24 h. The fixed slices were rinsed three times with 0.1 M
phosphate buffer and incubated overnight at 4 °C in 0.1% TritonX-
100 and 5% goat serum/phosphate buffer. They were incubated with
primary antibodies (mouse anti-neuronal nuclear antigen, 1 : 1000;
Chemicon, Temecula, CA, USA; rabbit anti-Prox1, 1 : 5000; Chem-
icon) and then with Alexa Fluor 488- or 594-conjugated secondary
antibodies (1 : 1000; Invitrogen) at room temperature for 2 h. The
samples were observed with a Bio-Rad MRC-1024 confocal system.
Z-series images were collected at 1-2-um steps and 11-21 Z-sections
(20-pm thickness) were stacked.

Sholl analysis

For electroporation, patch-clamp pipettes were filled with 400 um
Alexa Fluor 568 and 1% biocytin in double-distilled water and
attached to the cell body of a DG granule cell. A single 10-ms pulse of
10 V or multiple 500-us pulses of 610 V (50 trains at 500 Hz) were
delivered through the pipette (Takahashi er al., 2012). After an
overnight fixation with 4% paraformaldehyde and 0.03% glutaralde-
hyde, the slices were incubated at room temperature with 0.3% Triton-
X 100 for 1 h followed by Alexa Fluor 488-conjugated streptavidin
(1 : 500, S32354; Invitrogen) for 2 days. The neurons were imaged
using a CSU-Frontier confocal system (Yokogawa Electric). Their
morphologies were reconstructed using a camera lucida and quantified
by counting the number of dendrite intersections with concentric
circles centered at the centroid of the cell body. The radius was
increased at a step of 5 um. Granule cells located in the outer layer of
the DG upper blade were selected for analysis because the cell
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maturation may differ depending on the cell location (Altman &
Bayer, 1990). Data were analyzed in a double-blind manner.

Data representation

Data are reported as the means + SEM.

Results

Synchronized activity of the dentate gyrus occurred only during
early development

Acute slices of the immature hippocampal formation prepared from P1
to P13 mice were loaded with 0.0005% Oregon Green 488 1,2-bis
(0-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid-1 acetoxymethyl
ester, and the activity of DG neurons was monitored using functional
multineuron calcium imaging (Fig. 1A and B). In all the slices tested,
DG neurons spontaneously exhibited transient calcium elevations. The
activity pattern is presented in a raster plot in which cells were
assigned serial numbers along the longitudinal axis of the DG granule
cell layer; higher numbers were given to cells closer to the end of the
lower blade of the granule cell layer. The raster plots revealed that the
spatiotemporal patterns of DG activity varied depending on the ages of
the mice (Fig. 1C). The distributions for the event frequency of each
cell are shown in Fig. 1D. The majority of neuronal activity was
asynchronous during P1-P2 and P7-P13, but, among these sporadic
calcium events, synchronized waves intermittently occurred during
P3-P7. These synchronous events were traveling waves that gradually
propagated from the upper blade to the lower blade and recruited more
than 40% of DG neurons (Fig. 1C, middle inset). The waves were
stereotypic and did not propagate in the opposite direction. The
propagation velocity was 482 = 25 um/s (n = 632 events from 33
slices). The waves appeared most frequently on P3, when the
frequency reached 1.6 + 0.3 waves/min. Thereafter, the waves
became infrequent and eventually disappeared until P9 (Fig. 1E;
Fi7 =303, P=3.7 x 1072, one-way ANOVA; P < 0.05, P3 vs. Pl,
P2, P5, P7, P9, P11, and P13, Bonferroni/Dunn test), but the level of
sporadic activity remained constant or slightly increased during P1-P9
(Fig. 1F; Fy 7 = 5.82, P = 0.0002, one-way ANOVA; P < 0.05, P1, P2,
P3 vs. P9, Bonferroni/Dunn test). The waves were observed not only
in horizontal brain slices, but also in coronal and sagittal slices
(Fig. 2), which suggests that the waves prevail in the entire
hippocampal formation, including the dorsal and ventral part.

Dentate gyrus wave propagation was structured by neuronal
networks

Loose cell-attached recordings from DG granule cells revealed that
transient calcium elevations reflected action potentials (Fig. 1B).
Consistent with this observation, the traveling waves were blocked by
bath application of tetrodotoxin, a voltage-sensitive sodium channel
inhibitor (Fig. 3). These waves were also blocked by the non-N-
methyl-D-aspartate receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione and the N-methyl-D-aspartate receptor antagonist D,L-2-
amino-5-phosphonopentanoic acid but not by the GABA, receptor
antagonist picrotoxin (Fig. 3). The data indicate that traveling waves
were mediated by ionotropic glutamatergic synaptic transmission. In
addition, the DG waves were sensitive to the gap junction blockers
carbenoxolone and 18-f-glycyrrhetic acid (Fig. 3).

To address the involvement of DG afferents, such as perforant path
inputs, in the wave generation, we isolated the DG from slice
preparations (Fig. 4). The DG mini-slices still generated spontaneous
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waves. Thus, the wave initiator is embedded in the DG networks and
can operate independently of external inputs from the entorhinal
cortex or Ammon’s horn.

We sought to examine whether the direct stimulation of the DG
triggers traveling waves. Stimulating electrodes were placed on the
end of the upper or lower blade, and a train of electrical stimulation
(three pulses at 100 Hz, 50-us duration at 30 uA) was applied
(Fig. 5A). The traveling waves were reliably evoked by stimulation of
the upper blade but not by stimulation of the lower blade (Fig. SA and
B). The propagation velocity of the evoked waves was
452 £ 17 um/s (n =76 events from eight slices) and was not
significantly different from that of spontaneous waves (t74 = 0.30,
P =0.76, Student’s r-test). The pharmacological characteristics of the
stimulus-evoked waves did not differ from those of spontaneous
waves (Fig. 5C). These results suggest that the unidirectionality of
wave propagation arose from the network structure and was probably
biased by the synaptic direction.

To elucidate the propagation mechanisms, we made a partial
surgical incision in the DG. The hilus or molecular layer was incised
vertical to the granule cell layer, and the upper blade end was
electrically stimulated (Fig. 5D). The evoked waves did not propagate
across the incised line in slices with the hilus lesion, but the molecular
layer lesion did not affect wave propagation (Fig. SD and E).
Therefore, the mossy fiber axons or basal dendrites of granule cells
seem to be responsible for wave propagation.

Prenatal stress attenuated dentate gyrus wave initiation and the
subsequent maturation of granule cells

Gestational stress impairs the topological complexity of dendrites of DG
granule cells in offspring (Hosseini-Sharifabad & Hadinedoushan,
2007; Tamura et al., 2011) and attenuates the expression of synapto-
physin and synaptotagmin-1 (Afadlal et al., 2010) and the density of
dendritic spines in the hippocampus of the offspring (Martinez-Tellez
et al., 2009; Tamura et al., 2011). These prenatally stressed animals
show deficits in learning and memory and depression-like behavior
(Aleksandrov et al., 2001; Hosseini-Sharifabad & Hadinedoushan,
2007; Tamura et al., 2011). However, no study to date has investigated
the effect of early life stress on early network oscillations. We examined
whether prenatal stress influences the generation of DG waves. Pregnant
female mice were restrained for 45 min X 3 times per day during the
last week of gestation, and postnatal DG waves were examined in their
offspring (Fig. 6A). We did not observe waves in slices prepared from
stressed P3 offspring (Fig. 6B). We traced this aberration up to P7 and
found that the frequency of wave events was severely attenuated in
stressed mice (Fig. 6C; F| 53 = 37.7,P = 1.3 X 107° for main effect of
stress; I 25 = 1.74, P = 0.19 for postnatal day X stress interaction; two-
way ANOVA). The level of sporadic activity in P5 and P7 mice was also
lower than in control mice (Fig. 6D; F 53 = 6.24, P = 0.018 for main
effect of stress; F,.5 = 3.28, P = 0.052 for postnatal day X stress
interaction; two-way ANOVA). We next stimulated the upper blade end.
Unlike spontaneous activity, stimulus-evoked waves were normal in
stressed offspring, although the probability of evoking waves in stressed
P7 mice was slightly lower than that in control P7 mice (Fig. 6E;
Fi13, =395, P=48x 1077 for main effect of stress; Fp3, = 53.3,
P=6.53x 107" for postnatal day x stress interaction; two-way
ANOVA). The propagation velocity of the evoked waves in stressed mice
was 455 + 4 um/s (n = 48 events from five P3 slices) and was not
significantly different from that of spontaneous waves in control DG
slices (174 = 0.01, P = 0.95, Student’s #-test).

We finally addressed whether the stress induced the morphological
or electrophysiological aberrations in the DG. The immunoreactivity
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FIG. 1. Immature DG networks exhibit traveling calcium waves. (A) Confocal image of a 0.0005% Oregon Green 488 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid-1 acetoxymethyl ester-loaded slice. (B) Simultaneous loose cell-attached recording and somatic calcium imaging from a P3 granule cell revealed that
transient calcium elevations in the cell body reflected action potentials. Bottom dots denote the onset timing of calcium events. (C) Raster plots represent the
spatiotemporal activity patterns in DG slices prepared from P2, P3, and P7 mice. Each dot indicates a single calcium event of the corresponding cell. Sporadic
activity dominated on P2 and P7, whereas synchronous events (indicated by arrowheads) appeared frequently on P3. The asterisked event is time-expanded in the
right panel. The synchronous events were waves that traveled from the upper blade to the lower blade of the DG granule cell layer. (D) Distributions of the rate of
calcium events, including sporadic and wave activities, in individual cells. Developmental changes in the frequency of traveling waves (E) and sporadic activity (F).
n = 4-7 slices from three to four animals for each postnatal day. Error bars represent SEMs.

for the neuron marker neuronal nuclear antigen and the DG granule
cell marker Prox1 was assessed in P3 and P9 control mice and mice
born to prenatally stressed females (Fig. 7A and B). Neither the
apparent cell alignment nor the number of neurons differed between
control and stressed pups (data not shown). The Sholl analysis of the
morphology of DG granule cells revealed no impairment in the
dendritic architecture in stressed P3 mice (Fig. 7C; F) 374 = 0.10,
P =0.76 for main effect of stress; Fj¢374 = 0.67, P =0.82 for
distance X stress interaction; two-way repeated-measures ANOVA). On
P9, however, the dendritic trees were poorly arborized compared with
those in control mice (Fig. 7D; Fj g7 =29.2, P =89 X 1078 for

main effect of stress; F3; 672, = 0.63, P = 0.95 for distance X stress
interaction; two-way repeated-measures ANOVA). The total length of
dendrites was 366 + 43 um for P3 control, 296 + 31 um for P3
stress, 810 £ 89 um for P9 control, and 539 + 90 um for P9 stress;
there was no significant difference at either age although a tendency
existed between control and prenatally stressed mice. Some reports
demonstrate that immature DG granule cells in the rodent bear basal
dendrites (Claiborne ef al., 1990; Seay-Lowe & Claiborne, 1992), but
we found no basal dendrites in any neuron tested. This may be due to
different animal strains, which are known to have a large impact on
the maturation stage of neurons.
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Fi1G. 3. DG traveling waves depend on electrical and chemical neuronal
excitability. Pharmacological characterization of DG waves was conducted
using P3 slices. Waves depended on glutamatergic synapses and electrical
synapses, but not on GABAergic synapses. n =5 slices from three to four
animals each, **P < 0.01 vs. control, Dunnett’s test after one-way ANOVA.
Error bars represent SEMs. APS, D,L-2-amino-5-phosphonopentanoic acid;
CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione.
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FIG. 4. Traveling waves are initiated within DG networks. (A) Mini-slices of
the DG region (isolated DG) were dissected from P3 slices. (B) The mini-slices
exhibited waves. Similar results were observed in all six slices from four
animals tested.

For electrophysiological intrinsic properties, the membrane capac-
itance and resistance of stressed P3—4 mice were significantly lower
and higher, respectively, than those in control mice, whereas neither
resting membrane potential nor action potential threshold was affected
by stress (Fig. 7E). Therefore, the aberration in the wave generation
and the electrical properties preceded the dendritic atrophy.

Discussion

We demonstrated that developing DG networks generate large-scale
spontaneous waves of action potentials irrespective of external inputs.
The waves traveled from the upper blade to the lower blade and
depended on glutamatergic and electrical synapses. The waves
emerged only during a few postnatal days, but they did not appear
in age-matched pups born to dams that had experienced restraint stress
during pregnancy.

Dentate gyrus waves as a new form of excitability

The DG traveling waves do not resemble any type of previously
known early network oscillations in the brain. A typical form of
postnatal hippocampal oscillations is giant depolarizing potentials,
which are mediated by the excitatory effect of GABA, receptor
activation (Ben-Ari et al., 1989; Leinekugel et al., 1997). The DG
waves, however, were insensitive to GABA, receptor antagonists.
This pharmacology also differentiates the DG waves from the GABA 5
receptor-dependent traveling spike waves reported in the cerebellum
(Watt et al., 2009). Because DG waves were blocked by inhibitors of
non-N-methyl-D-aspartate receptors, N-methyl-D-aspartate receptors,
and gap junctions, they are also different from nicotinic acetylcholine
receptor-dependent waves in the retina (McLaughlin ez al., 2003) or
ATP-dependent waves in the cochlea (Tritsch er al., 2007). Rather, the
mechanism responsible for DG waves is ostensibly similar to
immature neocortical oscillations (Garaschuk et al., 2000). However,
the propagation speed is incompatible; the velocity of neocortical
waves is about 2 mm/'s (Garaschuk et al., 2000), whereas the velocity
of DG waves was about 0.5 mm/s. Moreover, the DG waves were
unidirectional even when evoked by electrical stimulation, whereas
neocortical waves are bidirectional (Garaschuk ef al., 2000). This
directional preference in the DG waves suggests that glutamatergic
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FIG. 5. Electrical stimulation initiates unidirectional traveling waves in immature DG networks. (A) Waves were elicited by electrical stimulation (three 30-yA
pulses at 100 Hz) to the tip of the upper blade (top) but not the lower blade (bottom) of the DG granule cell layer in P3 slices. Arrows indicate the timing of
stimulation. (B) Data are from five slices from three animals for each group. The ordinate indicates the probability that a stimulus evoked a wave. (C)
Pharmacological characterization of stimulation-evoked waves. n = 5-6 slices from three to four animals each; **P < 0.01 vs. control; Dunnett’s test after one-way
ANOVA. (D) Electrical stimulation was applied to the upper blade tip in P3 slices in which the molecular layer (ML) (top) or the hilus (bottom) was transversely
incised using a mini-scalpel. Waves did not traverse the incised hilus. (E) Data are from three to four slices of two animals each. Error bars represent SEMs. APS,
D,L-2-amino-5-phosphonopentanoic acid; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione.

transmission is more pivotal in wave propagation than electrical
synapses.

The circuit mechanism cannot be fully deduced by the present work
alone; however, several possibilities can be imagined based on the
data of our pharmacological and surgical experiments. First, DG
waves required the activity of electric synapses. In DG granule cells,
gap junctions exist on their mossy fiber axons and electrically couple
these axons in the stratum lucidum of the CA3 field close to the DG
(Hamzei-Sichani ef al., 2007). Therefore, it is plausible that the axo-
axon coupling mediates the DG wave propagation. Second, DG waves
required the activity of glutamate receptors. Glutamate receptors
usually exist on postsynaptic dendrites. Considering that surgical
lesion of the hilus, but not the molecular layer, prevented DG waves,
one possible mechanism underlying the wave propagation is that, early
in development, the axons of granule cells may project to proximal
dendrites of neighboring granule cells and sequentially activate
downstream neurons (Supporting Information Fig. S2A), although
the anatomical evidence is lacking. The second possibility is inspired
by the fact that immature granule cells express functional glutamate
receptors on their axons (Tashiro er al., 2003). Thus, glutamate
released from synaptic terminals may activate axonal glutamate
receptors and transmits the wave activity to downstream neurons
(Supporting Information Fig. S2B). Finally, the wave propagation
may be mediated by hilar mossy cells, which are known to receive
direct inputs from granule cells and project to proximal dendrites of
granule cells (Supporting Information Fig. S2C).

It should be noted that the circuit mechanism for waves in other
regions has been shown to shift dramatically during development
(Blankenship & Feller, 2010). Multiple mechanisms may operate in
DG waves. Moreover, the immature hippocampus exhibits different
types of early network oscillations, including synchronous plateau

assemblies (Crepel et al., 2007; Allene et al., 2008) and giant
depolarizing potentials (Ben-Ari ef al., 1989; Leinekugel et al.,
1997). These oscillations may crosstalk with the DG wave and
influence the wave mechanisms.

Function of dentate gyrus waves

Although early network oscillations in the hippocampus and neocortex
are believed to shape neuronal development, to date there is no
definitive evidence of a causal link. This lack of evidence is, at least in
part, due to a lack of experimental procedures that can specifically
manipulate the generation or frequency of network waves. Therefore,
our finding that DG waves were prevented by prenatal stress is
important for the understanding of the function of the waves because
the malformation of dendrites in DG granule cells appeared thereafter.
Moreover, to our knowledge, our work is the first to demonstrate
the stress sensitivity of early network waves.

It is intriguing that the DG slices of stressed mice were capable of
generating waves in response to electrical stimulation. The speed and
direction of the evoked waves were similar to those of spontaneously
occurring waves in control mice, which suggests that, even in
stressed mice, the network basis that supports the DG wave
propagation was intact. Consistent with this result, we found no
dendritic aberration in the DGs of stressed P3 mice, although the
electrophysiological intrinsic properties were altered. Care must be
taken to interpret the altered intrinsic properties, because one cannot
determine whether they resulted in or from the DG wave deficits.
The decreased membrane capacitance and the increased membrane
resistance of DG granule cells seemed to reflect a retarded
maturation of neuronal physiology. Electrophysiologically, they
must lead to an increase in the sensitivity of their membrane
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potentials to synaptic inputs. Nonetheless, the wave disappeared after
prenatal stress. Therefore, the observed change in the intrinsic
membrane properties may reflect a homeostatic compensation for
stress-induced decreases in network activity. Taken together, the
neuronal system sensitivity to prenatal stress is not attributable to the
changed excitability of individual neurons, but rather it is more
likely to result from the deficit of an initiator (or pace maker) of DG
waves, which probably exists within the tip of the upper blade of the
granule cell layer. Influential ‘hub’ neurons are reported to be
capable of initiating global network oscillations in the immature
hippocampus (Bonifazi et al., 2009; Picardo et al., 2011). A similar
initiator may exist in immature DG networks and be vulnerable to
stress.

Significant downregulations of hippocampal genes, including
presynaptic voltage-gated calcium and potassium channels, are
reported in 23-day-old female offspring of rats stressed during
gestation (Bogoch ef al., 2007), but it should be noted that a DG wave
deficit is one of the earliest pathological manifestations previously
reported in the prenatally stressed brain. Therefore, the wave deficit
may constitute a core of the long-term effect of prenatal stress. In this
respect, it is intriguing to see our recent findings that mineralocorticoid
receptors are downregulated in granule cells in prenatally stressed rats
at later postnatal ages and that pharmacological activation of
mineralocorticoid receptors rescues stress-induced impairment of
granule cell maturation (Tamura et al., 2011). Further studies are
required to evaluate the causal effect of the wave deficit on
mineralocorticoid receptor downregulation and dendritic atrophy. In
addition, our previous study indicates that male pups are more
susceptible to prenatal stress compared with female pups in terms of
dendritic atrophy. Although we did not discriminate the sex of
offspring in the present work, the sex difference in wave generation is
an interesting topic for future studies.

Perinatal stress is widely known to cause long-lasting malfunc-
tioning of the brain, such as cognitive and emotional problems, that
often persists throughout the life span of the offspring (Heim &
Nemeroff, 2002; McEwen, 2003; Weinstock, 2008). The hippocam-
pus, in particular, is susceptible to stress and exhibits a reduced
volume in depressive patients (Sheline er al., 1996; Bremner et al.,
2000). A reduction in hippocampal volume is also observed in
patients who suffer from early childhood trauma (Vythilingam et al.,
2002). Therefore, abnormal structure and function of the hippocam-
pus following early life stress are putative risk factors for stress-
related disorders in adults. In animal models, we found that the
dendritic atrophy of DG neurons was observed in P9 but not P3
mice and was preceded by a lack of DG waves. Thus, the wave
deficit could be a therapeutic target for the possible aversive sequelae
of perinatal stress.
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