Cellular/Molecular

The Journal of Neuroscience, December 4, 2013 - 33(49):19131-19142 - 19131

Distinct Determinants of Sparse Activation during Granule

Cell Maturation
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Adult neurogenesis continually produces a small population of immature granule cells (GCs) within the dentate gyrus. The physiological
properties of immature GCs distinguish them from the more numerous mature GCs and potentially enables distinct network functions.
To test how the changing properties of developing GCs affect spiking behavior, we examined synaptic responses of mature and immature
GCs in hippocampal slices from adult mice. Whereas synaptic inhibition restricted GC spiking at most stages of maturation, the relative
influence of inhibition, excitatory synaptic drive, and intrinsic excitability shifted over the course of maturation. Mature GCs received
profuse afferent innervation such that spiking was suppressed primarily by inhibition, whereas immature GC spiking was also limited by
the strength of excitatory drive. Although the input resistance was a reliable indicator of maturation, it did not determine spiking
probability at immature stages. Our results confirm the existence of a transient period during GC maturation when perforant path
stimulation can generate a high probability of spiking, but also reveal that immature GC excitability is tempered by functional synaptic
inhibition and reduced excitatory innervation, likely maintaining the sparse population activity observed in vivo.

Introduction

A hallmark of the dentate gyrus (DG) is the continuous pro-
duction of new neurons. Newly generated granule cells (GCs)
progress through a series of functional stages during which their
intrinsic electrophysiological properties and synaptic connectiv-
ity are distinct from pre-existing mature GCs (Ambrogini et al.,
2004; Esposito et al., 2005; Overstreet Wadiche et al., 2005; Ge et
al., 2006). A few weeks after cell birth, immature GCs receive
excitatory synapses from the perforant path and also have high
intrinsic excitability, allowing action potential (AP) threshold to
be reached in response to only a small number of excitatory in-
puts (Schmidt-Hieber et al., 2004; Mongiat et al., 2009). Thus,
perforant path stimulation generates spiking (S) in a greater per-
centage of immature GCs compared with mature GCs (Marin-
Burgin et al., 2012). However, it is not clear how inhibition,
excitation, and intrinsic excitability dictate the spiking probabil-
ity at progressive stages of GC maturation.

The DG uses sparse population coding, wherein only a small
fraction of GCs are activated by physiological stimuli (for review,
see Piatti et al., 2013). GABA, receptor-mediated synaptic inhi-
bition is a key component of sparse GC activation and the trans-
formation of cortical activity into place fields (Coulter and
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Carlson, 2007; de Almeida et al., 2009; Renné-Costa et al., 2010;
Yu et al,, 2013). GABAergic mechanisms also have important
trophic functions in adult neurogenesis, promoting morpholog-
ical and synaptic integration of newborn GCs that are depolar-
ized by GABA due to elevated intracellular [Cl "] (Tozuka et al.,
2005; Ge et al., 2006; Dieni et al., 2012; Chancey et al., 2013). By 4
weeks after GC birth, the intracellular [Cl ~ ] has switched to ma-
turelevels (Ge et al., 2006; Marin-Burgin et al., 2012), yet synaptic
responses and spiking induced by perforant path stimulation ap-
pears to be insensitive to blockade of GABA , receptors (Wang et
al., 20005 Lietal., 2012; Marin-Burgin et al., 2012). The surprising
lack of functional inhibition is attributed to the slow rise times of
IPSCs that minimize inhibition at the time of spike initiation
(Marin-Burgin etal., 2012). Consistent with this idea, developing
GCs receive GABAergic synapses from interneurons like Ivy/
Neurogliaform cells that generate slow dendritic conductances
before innervation by perisomatic-targeting basket cells that gen-
erate IPSCs with rapid kinetics (Esposito et al., 2005; Overstreet
Wadiche et al., 2005; Laplagne et al., 2007; Markwardt et al.,
2011). Dendritic (slow) and somatic (fast) inhibition typically
control synaptic integration and spike output, respectively, and both
contribute to oscillatory behavior and patterned spike activity
(Freund and Buzsaki, 1996; Stokes and Isaacson, 2010; Royer et al.,
2012). Fastand slow IPSCs develop during the first 4 weeks following
GC birth (Espésito et al., 2005; Marin-Burgin et al., 2012) and syn-
aptic inhibition within the DG is robust (Ewell and Jones, 2010; Yu et
al., 2013); thus, we predicted that GABAergic inhibition restricts
spiking even at early stages of GC development.

Here we examine the role of excitation and inhibition in GC
spiking at progressive developmental stages, focusing primarily
on time points when adult-generated GCs have been shown to
make unique contributions to DG function (~4 weeks; Arruda-
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Carvalho etal., 2011; Guetal., 2012). Our
results confirm that under some condi-
tions immature GCs are more likely than
mature GCs to generate spikes in response
to perforant path stimulation, but we also
find that spiking of immature GCs is lim-
ited by functional synaptic inhibition and
reduced excitatory innervation. Together,
our results suggest that distinct mecha-
nisms maintain low levels of spiking in
GCs at all stages of maturation.

Materials and Methods

We used 5- to 8-week-old wild-type, GAD67-
GFP reporter mice (Zhao et al.,, 2010) and
Nestin-CreER 2 mice (Lagace et al., 2007)
crossed with R26R-TdTomato reporter mice
(stock #007914, Jackson Laboratories), all
maintained on the C57BL/6] background.
Mice of either sex were maintained in standard
housing. All animal procedures followed the
United States Public Health Service Guide for
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Figure 1.
cubated at 37°C for ~30 min in recording so-

Identification of developing GCs in transgenic reporter mice. A, B, Confocal image of immature GCs in GAD67-GFP

lution containing the following (in mm): 125
NaCl, 2.5 KCl, 1.25 Na,PO,, 2 CaCl,, 1 MgCl,,
25 NaHCO;, and 25 p-glucose bubbled with
95% O,/5% CO,; and then transferred to room
temperature in the same solution. Patch pi-
pettes were filled with the following (mm): 150
K-gluconate, 1 MgCl,, 1.1 EGTA, 5 HEPES,

reporter mice (4) and TdTomato-labeled immature GCs at 4 weeks PTl in Nestin-CreER mice (B). Scale bar, 100 um. €, Examples of
GCmorphological reconstructions at the indicated ages. D, The TDLincreased significantly with time. Averaged TDL were as follows
(in pum): 521 = 49,1241 = 50, 1370 = 45,and 2181 == 123.n = 1424 cells per group. All groups were different from mature
GCs, one-way ANOVA; f 5 75, = 71,65;p < 0.0001; Tukey post-test, p < 0.05. E, The R, ., decreased with time. Values for R, ..
were as follows (in G€2): 1.6 = 0.10,1.14 = 0.06, 0.96 == 0.07, and 0.42 = 0.02. n = 16-31 cells per group. All groups were
different from mature GCs, one-way ANOVA; F 5 g5 = 44,45;p <<0.0001; Tukey post-test, ***p << 0.05.F, The TDLand R;,,, , were
inversely correlated, n = 43; R? = 0.36, linear regression; p < 0.0001. G, Example of voltage responses to current injection (10 pA
current steps forimmature GCs and 20 pA steps for mature GCs). The holding potential was —70 mV.

and 10 phosphocreatine, pH 7.2 and 300

mOsm. In some experiments, we used a pipette

internal with the following (mm): 120 K-gluconate, 15 KCl, 4 MgCl,, 0.1
EGTA, 10 HEPES, 4 Mg ATP, 0.3 Na,GTP, and 7 phosphocreatine, pH
7.4 and 300 mOsm. Biocytin (0.2%) was included in the pipette in some
experiments for morphological visualization after recording, using
streptavidin conjugated to Alexa Fluor 647 (Invitrogen). Synaptic re-
sponses were evoked using two patch pipettes filled with extracellular
solution (100 ws; 100-300 wA). All recordings were performed at room
temperature and at a holding potential of —70 mV. Voltages were not
corrected for junction potentials, and currents were filtered at 2 kHz and
sampled at 10 kHz (MultiClamp 700A; Molecular Devices). Series resis-
tance was uncompensated (10-25 M), and experiments were discarded
if the resistance changed (>20%). All responses were analyzed using
Axograph X (AxoGraph Scientific). Input resistance (R;,,,) was ob-
tained from hyperpolarizing current injections of 20 pA for mature GCs
and 10 pA for immature GCs. Action potential threshold was detected
when the slope exceeded 10 mV/ms. Spike rise time (20—80%) was mea-
sured from spike onset. Cell-attached recordings were performed with a

patch pipette in voltage-clamp mode. Drugs and chemicals were ob-
tained from Sigma-Aldrich, Tocris Bioscience, or Abcam Biochemicals.

Confocal images were taken of GAD67-EGFP and Nestin-CreER "
Td-Tomato © immature GCs in perfusion-fixed tissue (50 wm sections)
and from biocytin-filled GCs in acute slices after overnight fixation.
Granule cell morphology was reconstructed from image stacks using the
tracing program Neurolucida (MicroBrightField). The density of den-
dritic protrusions was determined from several image stacks taken with a
60X oil-immersion lens and a digital zoom of 4X (step = 0.1 wm, kal-
man = 3). Protrusions on three sections of dendrite in the outer and/or
medial molecular layer were counted for each cell (section length, 10
um) using Image] (NIH). Measurements of cellular morphology in-
cluded total dendrite length (TDL), number of nodes, and Sholl analysis
of length and intersections. Analysis of dendritic morphology was per-
formed using Neurolucida Explorer.

Data are expressed as the mean = SEM. We used two-tailed paired or
unpaired ¢ tests for comparisons between two groups. We used two-way
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Spiking in mature GCs is suppressed by inhibition. 4, Morphological reconstruction of a mature GC and schematic of the recording configuration with stimulating electrodes placed

~100 wm on either side of the GC. B, Examples of differential paired-pulsed ratios for EPSCs evoked by stimulation of the MML (top) and OML (bottom). Stimulus artifacts are blanked for clarity.
C, The EPSC amplitude evoked by simultaneous stimulation of MML and OML at increasing stimulus intensities (100 -300 A). Inset, Example of average EPSC evoked by MML/OML stimulation
(same cell and stimulus intensity as in B). D, In gabazine (10 wm; red), dual MML/OML stimulation generated spiking in all mature GCs, unlike single-pathway stimulation (n = 24 cells). E, Left,
Example EPSPs atincreasing stimulus intensities from a NS GC (left) and an S GC (right). Right, Examples of heterogeneous responses in NS (cells 1-4) and S (cells 5 8) mature GCs in control (black)
and gabazine (red). Ten stimuli were tested at each intensity to calculate spiking probability. F, Gabazine increased the spiking probability of NS (left; solid symbols; n = 22) and S (right; open
symbols; n = 10) mature GCs. Repeated-measures ANOVA: NS X gabazine: F; 55 = 662, p <<0.0001; stim X NS X gabazine: f, ;15 = 4.17, p = 0.003; interaction:  ; ,,,) = 4.17,p = 0.003;
S X gabazine: F; 14 = 26.6, p < 0.0001; stim X NS X gabazine: F, ;,) = 4.6, p = 0.002; interaction: f ;,) = 2.9, p = 0.05. Tukey's post-test, ***p << 0.001.

repeated-measures ANOVA to compare: (1) spiking versus nonspiking
(NS), gabazine versus control and GCs of different ages across multiple
stimulus intensities; and (2) age of GCs across control and gabazine. For
other multiple comparisons, we used two-way or one-way ANOVAs. The
F values were used to express the significant difference or the interac-
tion, and post hoc analyses were made with Bonferroni’s or Tukey’s
tests (Statistica, StatSoft; and Prism, GraphPad). x> tests were used to
compare the percentage of spiking cells between groups (Prism, Graph-
Pad). Thelevel of significance was set at p << 0.05 for the ANOVA, the post
hoc comparison, and the x? test. Exponential and linear functions were
used for fitting, and the goodness of the fit was estimated by calculating
the x* (OriginPro). The best fit was obtained by minimizing the mean
square error between the data and the curve (Levenberg-Marquardt
algorithm).

Results

Morphological and intrinsic maturation of GCs in transgenic
reporter mice

We made whole-cell current and voltage-clamp recordings in
ventral hippocampal slices from transgenic reporter mice that
allow visualization of GCs at various developmental stages. We
used GAD67-GFP mice to identify GCs ~3 weeks postmitosis
(Fig. 1A; Zhao etal., 2010) and nestin-CreER 2 mice crossed with
R26R-TdTomato reporter mice (Ail4; The Jackson Laboratory)
to identify GCs between 3 and 8 weeks post-tamoxifen-induced
recombination (Lagace et al., 2007; DeCarolis et al., 2013; Fig.
1B). Cells were grouped by time post-tamoxifen injection (PTL; 3
weeks = 21-24 d and GAD67-GFP *; 4 weeks = 30-36 d PT[;
and 6 weeks = 39-52 d PTI) to compare with unlabeled mature
GCs. We sampled GCs with somata in all depths and regions of
the granule cell layer with dendrites extending into the molecular
layer. There was no difference in intrinsic properties of unlabeled
mature GCs between WT and transgenic reporter lines (data not
shown), so results from all mature GCs recordings were com-
bined. Occasional semilunar GCs, identified by their position
near the inner molecular layer (IML), distinct dendrite structure,

and low input resistance (Williams et al., 2007; Gupta et al.,
2012), were excluded from analysis.

There was a time-dependent increase in dendrite complexity and
total dendrite length as GCs integrated into the hippocampal circuit
(Fig. 1C,D), similar to newly generated GCs identified with retroviral
labeling (Espdsito et al., 2005; Zhao et al., 2006 ). GC input resistance
decreased with time (Fig. 1E) and was inversely correlated with den-
drite length (Fig. 1F), and both measures did not achieve values of
mature GCs even after 6 weeks (Table 1; Fig. 1 D, E). Conversely, the
threshold and kinetics of action potentials induced by current injec-
tions largely attained mature values at 4 weeks PTI (Fig. 1G; Table 1;
Mongiat et al., 2009). The action potential threshold for current
injections was depolarized at 3 weeks PTI, likely reflecting a lower
density of voltage-gated sodium channels that also underlies the slow
kinetics of action potentials (Table 1; MacDermott and Westbrook,
1986). These results show that the protracted period of GC matura-
tion identified using retroviral labeling is also evident in transgenic
reporters and that the maturation of GC spiking occurs before other
measures of maturation such as input resistance and dendrite length.
Variability in dendrite length and input resistance between the 4-
and 6-week time points likely reflects heterogeneous activity-
dependent maturation of individual GCs (Piatti et al., 2011), the
slow rate of maturation in the ventral hippocampus (Piatti et al.,
2011; Snyder et al., 2012), and the temporal resolution of the nestin-
CreER2 line that leads to recombination in nestin-expressing stem
cells (Lagace et al., 2007). Furthermore, we did not use exercise to
accelerate the rate of GC maturation, potentially contributing to
delayed maturation compared with that observed in dorsal hip-
pocampus (Mongiat et al., 2009; Piatti et al., 2011).

Inhibition suppresses spiking in mature GCs

First, we tested the role of GABA, receptor-mediated inhibi-
tion on the probability that mature GCs generate an action
potential (spike probability) in response to afferent stimula-
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tion. Mature GCs were initially identified by relatively large
unlabeled somata and subsequently confirmed by characteris-
tic intrinsic properties (Table 1). Axons from layer II pyrami-
dal cells in the medial entorhinal cortex (MEC) and lateral
entorhinal cortex (LEC) innervate GCs in the DG molecular
layer, with sensory information conveyed via the lateral per-
forant path in the outer molecular layer (OML) and location-
specific information conveyed via the medial perforant path in
the middle molecular layer (MML). Since GC activity reflects
the convergence of these two pathways, we stimulated each
simultaneously (Fig. 2A), evoking EPSCs and EPSPs with in-
creasing stimulus intensities. The paired-pulse ratio of MML-
and OML-evoked EPSCs was 0.93 = 0.02 and 1.23 * 0.03,
respectively (Fig. 2B; n = 11; unpaired t test, p < 0.0001) and
dual-pathway-evoked EPSCs were nearly the sum of individ-
ual inputs (Fig. 2C, inset). Thus, dual-pathway stimulation
reflects the integration of medial and lateral perforant path
inputs. Rather than normalize for stimulus intensity across
cells (Pouille et al., 2009; Marin-Burgin et al., 2012), we only
assumed that increasing stimulus intensity recruits additional
axons, as shown by the increase in EPSC amplitude (Fig. 2C).
Unlike single-pathway stimulation, dual-pathway stimulation
in the presence of the GABA, receptor antagonist gabazine (3
uM) generated spiking in all GCs, indicating that excitatory
input with dual stimulation was always sufficient to reach
threshold (n = 24; Fig. 2D; measured at 300 wA).

We classified GCs as either nonspiking or spiking based on
their behavior with inhibition intact (Fig. 2E, left). Examples
of spiking probability heterogeneity are shown in Figure 2E,
right, illustrating NS cells (cells 1-4) and S cells (cells 5-8).
Gabazine dramatically increased the spiking probability in all
mature GCs (Fig. 2F; n = 22 NS cells, n = 10 S cells), indicat-
ing that synaptic inhibition maintains sparse GC firing with
this stimulating paradigm. With inhibition intact, only 8 and
21% of mature GCs spiked at the lowest and highest stimulus
intensity, respectively (n = 95 mature GCs). This low fraction
of spiking GCs is similar to that recently reported using an in
vitro imaging approach (Yu et al., 2013), yet higher than that
reported in vivo during exploration of a novel environment or
spatial learning tasks (Chawla et al., 2005; Kee et al., 2007;
Stone et al., 2011).

Intrinsic differences cannot account for

heterogeneous spiking

We tested whether intrinsic properties contributed to the heter-
ogeneous spiking behavior but found no differences in the input
resistance, the membrane time constant, or AP threshold in re-
sponse to current injections between spiking and nonspiking ma-
ture GCs (Fig. 3A,B, Table 1). In spiking GCs, the action
potential threshold in response to synaptic stimulation was sig-
nificantly hyperpolarized by gabazine, suggesting that synaptic
stimulation activated GABA, receptors at the axon initial seg-
ment (Rojas et al., 2011). However, in gabazine there was no
difference in the action potential threshold in response to synap-
tic stimulation between nonspiking and spiking cells (Fig. 3B).
There were also no differences in the dendrite structure or spine
density in a subset of morphologically reconstructed mature GCs
(Fig. 3C-F). Thus, neither intrinsic excitability nor morphology
contributed to heterogeneous spiking.
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Figure 3.  Intrinsic differences cannot account for heterogeneous spiking of mature GCs. 4,

Nonspiking and spiking mature GCs had the same input resistance [415 = 17 M) (n = 22) and
432 + 28 M) (n = 10); unpaired t test, p = 0.6] and membrane time constant (31.1 = 1.4
and 33.5 = 3.2ms, p = 0.5). B, Action potential thresholds in response to current injections
(left) or synaptic stimulation (right). The synapticaction potential threshold was hyperpolarized
by gabazine (one-way ANOVA, p << 0.0001, F, 53, = 24,33, Tukey's post-test; *p << 0.05,n =
7). The synaptic AP threshold for nonspiking and spiking GCs was not different in gabazine
[—51£14mV(n=7)and —51.7 = 1.5mV (n = 12), respectively; ANOVA with Tukey’s
post-test, p > 0.05, red symbols). The AP threshold in response to current injections was the
same in nonspiking and spiking GCs (—37.5 == 0.7 and —37.6 = 1.4mV; ANOVA with Tukey’s
post-test, p > 0.05). Insets show example voltage traces following current injections (left) or
synaptic stimulation in control (black) or gabazine (red). Calibration: left, 20 mV and 100 ms;
right, 10 mV and 2.5 ms. Dotted lines indicate threshold. ¢, Morphological reconstructions. D,
Sholl analysis revealed no differences in the dendrite length and number of intersections (n =
9 each). Two-way repeated-measures ANOVA, p > 0.05. E, The average total dendrite length
and number of nodes was not different; unpaired t test, p = 0.6 for TDL, p = 0.5 for nodes. F,
Left, Confocal image of spines on a mature GC. Scale bar, 10 wm. Right, No difference in the
number of spines per 10 um length of dendrite (n = 7 Sand 6 NS cells); unpaired ttest, p = 0.9.

IPSC/EPSC ratio controls EPSP amplitude and spiking
probability in mature GCs

The lack of intrinsic differences and the larger amplitude of sub-
threshold EPSPs in spiking GCs suggested that the balance of
synaptic excitation and inhibition may dictate spiking behavior
(Fig. 4A; n = 22 NS GCs and n = 10 S GCs; suprathreshold EPSPs
were excluded). We measured inhibitory and excitatory synaptic
strength using IPSCs (near the EPSC reversal potential) and
EPSCs (near the IPSC reversal potential; Fig. 4B, left). A plot of
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I/E ratio controls EPSP amplitude and spiking probability in mature GCs. A, EPSPs in spiking GCs (open symbols) were larger than in nonspiking GCs (solid symbols). Repeated-measures

ANOVA; NS X S: g 30y = 40.8, p << 0.0001; stim X NS X S: Fiy 150 = 49.2,p << 0.0001; Tukey's post-test, *p << 0.05. B, Left, Examples of IPSCs (top) and EPSCs (bottom). Right, Amplitudes of
IPSCs and EPSCs were binned by stimulus intensity (n = 22 NS GCs and 10 S GCs, repeated-measures ANOVA, F; 55 = 5.7, p = 0.02). Whereas NS GCs showed a linear relationship between EPSC
and IPSCs (black line, R = 0.98), in S cells the relationship was more complex, with a linear relationship at low intensities (R = 0.98; dark gray) and an exponential fit at higher intensities that
suggests saturation (light gray; R? = 0.98). €, Normalizing excitatory drive by plotting the I/E ratio revealed a robust difference between nonspiking and spiking GCs. Repeated-measures ANOVA;
NS X S:F (1 50 = 18.68,p < 0.001. D, Left, Example of spiking during a 10 Hz stimulus train in a mature GC that did not spike to a single stimuli. Right, Spiking probability remained zero in most
nonspiking GCs (n = 7), but a subset spiked during repetitive stimulation (NS/S GCs; n = 5). The spiking probability did not change during the trainin the S cells (n = 5), butincreased in NS/S cells.
Two-way repeated-measures ANOVA; NS X NS/S X S: F, 14 = 27.2,p << 0.0001; stim X NS X NS/S X S: Fg 4y = 7.68, p < 0.0001; interaction: F;, g, = 4.57,p << 0.0001. Tukey’s post-test,
**¥p = 0.0001, **p = 0.001. E, The I/E ratio decreased during 10 Hz stimulation in all GCs, and the I/E ratio in NS/S GCs went to <<1 (dotted line). Two-way repeated-measures ANOVA; NS X
NS/S X S: F iy 14y = 6.6,p << 0.01; stim X NS X NS/S X S: Fig 54y = 12.65 p < 0.0001; Tukey's post hoc test, ***p << 0.001, **p < 0.01, *p < 0.01.

the IPSC and EPSC amplitude at each stimulus intensity revealed
a robust difference between nonspiking and spiking mature GCs
(Fig. 4B, right). To compare inhibitory synaptic drive across dif-
ferent levels of excitatory drive, we expressed inhibition relative
to excitation [IPSC/EPSC (I/E) ratio]. There was variability in I/E
ratio that ranged from 0.22 to 6.9 (n = 32 GCs, all stimulus
intensities; data not shown). Nonspiking GCs had a significantly
higher I/E ratio than spiking GCs (Fig. 4C), suggesting that dual-
pathway stimulation recruited more inhibition relative to excita-
tion, thus preventing spiking.

To address whether the I/E ratio was causally related to spik-
ing probability, we altered the I/E ratio using 10 Hz train stimu-
lation (Ewell and Jones, 2010). Although the action potential
probability of most nonspiking cells remained zero (n = 7 of 17
cells), a subset of nonspiking cells began to fire during the train
(Fig. 4D, NS/S cells; n = 5 of 17 cells). The action potential
probability of spiking GCs remained high throughout the train
(n = 5 of 17 cells). The I/E ratio in all mature GCs was reduced
during the 10 Hz stimulation, demonstrating a relative reduction
of inhibition (Fig. 4E). The I/E ratio of the nonspiking cells that
spiked during the train (NS/S cells) fell below 1, whereas the
nonspiking cells that did not spike during the train (NS cells)
maintained an I/E ratio of >1 (Fig. 4C). Together, these results
suggest that the I/E ratio is a key determinant of spiking proba-
bility and that mature GCs spike when the I/E ratio <1.

Minimal innervation limits spiking at 3 weeks PTI

To examine synaptic activation in developing GCs, we first tar-
geted immature GCs with dendrites projecting through the ML in
GAD67-GFP mice (~3 weeks old; Zhao et al., 2010) and GCs

labeled in nestin-CreER "?/Td-tomato mice at 21-24 d PTI
(Lagace et al., 2007). By this stage, all GCs fired one or a few spikes
with immature properties in response to current injection (3
weeks; Fig. 1G; Table 1; Mongiat et al., 2009). Although MML/
OML stimulation evoked EPSPs in all cells, it never evoked spik-
ing even when inhibition was blocked by gabazine (Fig. 5A).
GABA, receptor activation initially depolarizes newborn GCs
due to the high intracellular [Cl "], and the Cl ~ reversal potential
shifts to mature values between 2 and 4 weeks postmitosis (Ge et
al., 2006). However, the low intracellular [C]l ] in our recordings
did not account for the lack of spiking, since GAD67-GFP GCs
also did not spike when we used a higher [Cl ] intracellular
solution (23 mMm). As expected, the effect of gabazine on the EPSP
depended on the intracellular [Cl ], with gabazine enhancing
EPSPs recorded with low intracellular [Cl7] and reducing
EPSPs recorded with high intracellular [Cl "] (Fig. 5B). Since depo-
larization arising from either glutamate receptors or GABA recep-
tors was insufficient to generate spiking with dual MML/OML
stimulation, we conclude that high input resistance does not dictate
high spiking probability. Despite the high I/E ratio (see below), the
lack of spiking in gabazine indicated that insufficient excitatory drive
rather than functional inhibition prevented spiking in 3 week PTI
GCs.

Enhanced spiking at 4 weeks PTI in response to

ML stimulation

To determine whether the I/E ratio correlates with spiking
probability at later stages of GC maturation, we next examined
the spiking probability and synaptic properties of immature GCs
in nestin-CreER "?/Td-tomato reporter mice at 4 and 6 weeks
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PTI. By 4 weeks, labeled GCs fired trains
of APs in response to current injections
with largely mature characteristics (Table
1). Similar to mature GCs, 4 week PTI
GCs displayed heterogeneity in response
to MML/OML synaptic stimulation, with
some cells that never spiked (NS cells; n =
7) and some cells that increased spiking
probability with increasing stimulation
intensity (S cells; n = 8; Fig. 5C). In both
cases, the spiking probability was in-
creased by gabazine (Fig. 5C, red sym-
bols), illustrating that inhibition limits
AP generation. An additional cell did
not spike in gabazine, likely due to in-
sufficient excitatory drive evident by the
small EPSC (data not shown). In con-
trast to mature GCs, the spiking proba-
bility of nonspiking 4 week PTI GCs
remained <1 when inhibition was
blocked, suggesting that low excitatory
drive was a limiting factor in spiking.
Furthermore, a plot of the number of
spikes versus current amplitude for so-
matic current injections revealed that
spiking 4 week PTI GCs generated one
to two more spikes compared with non-
spiking cells (data not shown), suggest-
ing that intrinsic properties other
than input resistance promotes spiking
(Schmidt-Hieber et al., 2004).

Six week PTI GCs likewise displayed
heterogeneous spiking in response to
MML/OML stimulation and gabazine ro-
bustly increased the spiking probability of
both nonspiking and spiking cells (Fig.

D). All 6 week PTI GCs fired APs in the
presence of gabazine and spiking proba-
bility approached 1 at the majority of
stimulus intensities when inhibition was
blocked. Thus, similar to mature GCs, ex-
citation did not limit spiking at this stage.
Interestingly, synaptic inhibition not only
increased EPSPs (data not shown), but
also hyperpolarized the threshold for
synaptic-induced spiking in both 4 and 6
week PTI GCs [—45 * 4to —55 = 2 mV
(n=7)and —42 = 2to —49 = 1.6 mV
(n = 4), respectively; paired f tests, p <
0.05], suggesting that GABA , receptors at
the axon initial segment contribute to the
action potential threshold (Rojas et al.,
2011).

In agreement with Marin-Burgin et
al. (2012), the percentage of GCs that
spiked in response to MML/OML stim-
ulation (Pyyn; = number of spiking
cells/total number of recorded cells X
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Figure 5.  Enhanced spiking in GCs at 4 weeks PTI. A, Three-week-old GCs failed to spike in response to dual stimulation of

MML/OML even in the presence of gabazine (n = 14 GAD67-GFP cells). B, EPSPs recorded with low (top traces, n = 8) and high
(bottom traces, n = 6) intracellular [C| ~]were differentially affected by gabazine. C, Left, Examples of EPSPs evoked by MML/OML
stimulation inimmature GCs at 4 weeks PTlin the absence or presence of gabazine. GCs either failed to spike (NS) or increased their
spiking probability (). Calibration: 20 mV, 20 ms. Gabazine increased the spiking probability of both NS and S immature GCs.
Repeated-measures ANOVA; NS XX gabazine: F; g = 6.66,p = 0.032;and S XX gabazine: F; ,,) = 4.63,p = 0.048; stim X § X
gabazine: f 55 = 12.38,p << 0.0001. D, Left, examples of EPSPs in GCs at 6 weeks PTI. Calibration: 20 mV, 20 ms. Repeated-
measures ANOVA; NS X gabazine: F(; 15 = 169.2, p << 0.0001; stim X S X gabazine: F, ;,, = 4.33, p = 0.003;
interaction: f, ;,, = 4.33,p = 0.003; S X gabazine: F; ;) = 37.3,p = 0.0009; stim X S X gabazine: F, ,,) = 8.56,p =
0.0002; interaction: F; 5y = 3.72,p = 0.02; Tukey’s post-test, *p << 0.05, **p << 0.01, ***p < 0.001. E, The percentage
of spiking cells differed across GC age. The total number of cells recorded is in parenthesis. y * test, **p = 0.008. F, EPSCs
were smaller in spiking immature GCs compared with spiking mature GCs. n = 12 immature GCs and 10 mature GCs.
Repeated-measures ANOVA; mature (Mat) X 4 weeks X 6 weeks): F, ;) = 17.68,p = 0.0005; stim X Mat X 4 weeks X
6 weeks: F, 75) = 54.61, p < 0.0001; interaction: Fg ;5) = 3.6, p = 0.001; Mat X 4 weeks: F; 50 = 32.36, p < 0.0001;
4weeks X 6 weeks: F; 4, = 27.19, p = 0.0004; Tukey's post-test: Mat XX 4 weeks, p = 0.0002; 4 weeks X 6 weeks, p =
0.032.

100) differed across time, with a significant increase in Py, for ~ (Mongiat et al., 2009; Li et al., 2012; Fig. 5F). These results con-

4 week PTI GCs compared with mature GCs at both the lowest
and highest stimulus intensities (x” test, p < 0.01; Fig. 5E). Com-
paring the amplitude of EPSCs in spiking GCs also showed that 4
week PTI GCs could spike in response to less excitatory drive

firm the enhanced excitability of 4-week-old GCs in response to
ML stimulation (Marin-Burgin et al., 2012) and reveal that the
time window for enhanced responsiveness is brief since it was not
evident at 6 weeks PTI.
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ison with the synaptic currents in mature
spiking and nonspiking GCs (Fig. 6A; n =
8). Normalizing inhibition to excitatory
drive revealed that the I/E ratio was vari-
able and high (>1; Fig. 6B, all NS cells),
consistent with the sequential formation
of GABAergic synapses before glutama-
tergic synapses (Esposito et al., 2005;
Overstreet Wadiche et al., 2005; Ge et al.,
2006). However, the small EPSC ampli-
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tude supports the idea that insufficient ex-
citatory drive, rather than inhibition (Fig.
5A), limits spiking at this early develop-
mental stage.

Plotting the amplitude of synaptic cur-
rents at 4 and 6 weeks PTT illustrated that
the full development of inhibitory and ex-
citatory innervation requires >6 weeks,
since IPSCs and EPSCs were smaller than
in mature GCs (Fig. 6A,C,E, compare
right panels; Table 1). The robust role of
the I/E ratio in suppressing spiking like-
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mature GCs, the I/E ratio at 4 and 6 weeks
PTI did not differ across stimulus inten-
sity, and the ratio of spiking cells was <1
(Fig. 6 D,F, open symbols). Despite the
apparent difference in the I/E ratio be-
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Figure 6.

Delayed development of synaptic inhibition

With sufficient excitatory drive, the higher spiking probability of
immature GCs has been attributable not only to their high R;,,e
but also to relatively slow IPSCs that result in a high ratio of
excitation to inhibition at the time of spiking (Marin-Burgin et
al., 2012). We likewise found that the rise time of IPSCs differed
across time (3.3 = 0.3 ms, n = 32 mature GCs; 6.5 = 0.5ms, n =
15 4 week PTI GCs; 5.6 = 0.7 ms, n = 15 6 week PTI GCs;
one-way ANOVA with Tukey post-test, p < 0.001), but the rise
times were not different between spiking and nonspiking cells at
each time point (Table 1). Since the I/E ratio was a key determi-
nant of spiking in mature GCs, we measured synaptic currents
and the I/E ratio in immature GCs after testing their spiking
probability. In voltage-clamp recordings with low intracellular
[C17], 3-week-old GCs displayed small EPSCs and IPSCs in re-
sponse to MML/OML stimulation, which are plotted for compar-

100

Maturation of excitatory and inhibitory innervation. 4, C, E, Left, Examples of EPSCs and IPSCs at the indicated times.
Right, Plots of IPSCversus EPSCamplitude from immature GCs (green symbols). Data from mature GCs are replotted for comparison
(gray symbols; Fig. 5B). IPSCs and EPSCs are binned by stimulus intensity. Unlike mature GCs, there were no differences between
synaptic currents in spiking and nonspiking immature GCs. B, D, F, Normalized I/E ratios across all stimulus intensities for each age.
The I/E ratio at each stimulus intensity was calculated in individual cells and then averaged. None of the 3-week-old GCs spiked. The
I/E ratio was different between NS and S GCs at 4 weeks PTI (n = 7 NS and 8 S cells; two-way repeated-measures ANOVA (S X NS:
Fiq,13 = 6.42,p = 0.024) but was not different between NS and S GCs at 6 weeks PTI (n = 11NSand 4 S cells; S XX NS: p = 0.18).

the large variability in the I/E ratio of non-
spiking GCs and the low number of spik-
ing cells (Fig. 6F). Together, these results
suggest that GCs at all developmental
stages spike when the I/E ratio is <1 as
long as excitatory drive is sufficient to
achieve threshold. In the absence of suffi-
cient excitatory drive (immature GCs
with low spiking probability even in gaba-
zine), the low I/E ratio does not predict
spiking. Between 4 and 6 weeks of matu-
ration, there is increased synaptic inner-
vation that leads to heterogeneity in I/E ratio and stronger
suppression of spiking by inhibition.

200 300
Intensity (MA)

Inhibition suppresses spiking in cell-attached recordings

It is well established that GC spiking is suppressed by strong
synaptic inhibition that relies primarily on shunting (Staley and
Mody, 1992; Coulter and Carlson, 2007; Chiang et al., 2012;
Sauer etal.,, 2012; Yuet al., 2013), yet the robust role of inhibition
in our experiments could be overestimated by the low intracellu-
lar concentration of Cl ™~ in our whole-cell recordings. We thus
examined spiking probability using noninvasive cell-attached re-
cordings and the same stimulation paradigm described in Figure
2. Consistent with the whole-cell results, mature GCs displayed
either no spiking or an increase in spiking probability in response
to increasing intensity MML/OML stimulation, and subsequent
addition of gabazine increased spiking in all cases (Fig. 7A, D; n =
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Table 1. Properties of NS and S GCs

Dieni et al. ® Determinants of Granule Cell Spiking

Mature Immature
3 weeks 4 weeks 6 weeks

NS (n = 22) S(n=10) NS(n=38) NS(h=7) S(h=13) NS (n=11) S(h=4)
Rinput (MQ) 415+ 17 432 +28 1435 + 252 1132 =130 973 + 141 1094 = 133 718 =128
EPSP amplitude (mV) 16.8 == 0.4* 25616 6.1+ 1.8 183+ 2.2 214+18 20.6 = 0.7% 257 %16
EPSP rise (ms) 26 0.1 24+02 56+ 1.8 40+03 42+0.7 43+04 3.8+04
AP peak (mV) 120 =2 116 =4 80 & 4.2%* 104 = 5** 96 + 5% M4 +2 116 =8
Threshold (mV) —37+08 —36+ 2.0 —26 + 1.7%* —35+1 —39+2 —35+14 —36+2
AP rise (ms) 0.9 +0.09 0.7 = 0.08 1.6 + 0.3** 0.8 £0.04 0.8 +0.05 0.7 = 0.04 0.6 * 0.05
EPSCamplitude (pA) 281 + 25* 376 + 32 53.6 = 21 130 = 31 136 = 17 169 = 22* M+23
EPSCrise (ms) 1.8 = 0.1 1.7 = 0.1 1.0 =05 22+05 2604 1.9+0.2 20+0.2
IPSCamplitude (pA) 485 + 47 393 + 57 85 + 41 110+ 16 15 +29 144 =19 153+ 26
IPSCrise (ms) 30+03 39+0.7 28+0.7 5.9 &+ 0.7%* 6.9 + 0.5%* 6.1 = 0.8** 43+09

All values represent the mean == SEM measured at the highest stimulus intensity.

*Unpaired ttest p << 0.05 for comparison between S and NS in the same time group. **ANOVA with Tukey's test, p << 0.05 for comparison with corresponding S and NS mature GC values. Other statistical comparisons are noted in the Results.

13). In gabazine, all mature GCs spiked with a probability of 1 at
stimulus intensities greater than 100 wA. Thus, similar to whole-
cell recordings, excitatory drive did not limit spiking of mature
GCs, but spiking was strongly suppressed by inhibition.

Cell-attached recordings from 4 week PTI GCs also revealed
both nonspiking and spiking responses in the same stimulus par-
adigm, and gabazine increased Py, as well as the average spik-
ing probability (Figs. 7B,D, 9D; n = 13). However, 5 of 13
immature GCs failed to spike even in gabazine (Fig. 7C), resulting
in a lower Py, compared with mature GCs (61.5% compared
with 100%; Fig. 7D). Thus, the enhanced excitability of 4 week
PTI GCs was masked by lower excitatory drive that presumably
resulted from less innervation, since all 4 week PTT GCs were
capable of spiking (Fig. 1; Table 1). Together, these results further
demonstrate that the high intrinsic excitability of immature GCs
is limited by both functional inhibition and excitatory drive.

Reduced I/E ratio of immature GCs in response to

EC stimulation

Our results suggest that the relative importance of synaptic inhi-
bition in suppressing spiking increases across GC development as
the I/E ratio increases. However, high I/E ratios and robust effects
of gabazine could result from direct stimulation of interneurons
in addition to perforant path-mediated feedforward inhibition.
In fact, we were unable to isolate pure feedforward IPSCs (as-
sayed by sensitivity of IPSCs to NBQX/AP-5; data not shown). To
avoid recruiting local inhibition, we also examined I/E ratios fol-
lowing stimulation in the EC, maintained in our horizontal sec-
tions (Boulton et al., 1992).

Focal stimulation in the MEC generated EPSCs in mature GCs
with paired-pulse depression, whereas LEC stimulation evoked
EPSCs with paired-pulse facilitation (Fig. 8 A, B; 0.82 * 0.03 and
1.22 = 0.05, respectively, n = 14, unpaired ¢ test, p < 0.0001).
Dual-pathway stimulation evoked EPSCs that were nearly the
sum of each input (Fig. 8C, dotted line), suggesting that largely
independent pathways were recruited. The short latency of
EPSCs was consistent with a monosynaptic connection (5.0 + 0.4
ms, n = 24). Importantly, both EPSCs and IPSCs evoked by dual
MEC/LEC stimulation were completely blocked by NBQX and
APV (Fig. 8D, left), assuring that no monosynaptic inhibition was
recruited. The average I/E ratio in response to MEC/LEC stimu-
lation was variable but similar to the I/E ratio following MML/
OML stimulation [Fig. 8D, right; 1.31 = 0.15 (n = 24) and 1.55 *
0.12 (n = 32), respectively; unpaired t test, p = 0.2]. In immature
GCs at 4 weeks PTI, MEC/LEC stimulation likewise generated

EPSCs and feedforward IPSCs blocked by NBQX/AP-5 with the
same I/E ratio as MML/OML stimulation [Fig. 8E; 0.72 * 0.16
(n =9) and 0.80 £ 0.08 (n = 30), respectively; unpaired ¢ test,
p = 0.5]. Furthermore, the I/E ratio evoked by MEC/LEC stimu-
lation was lower in immature GCs compared with mature GCs
[0.72 = 0.16 (n = 9) and 1.31 = 0.15 (n = 24), respectively;
unpaired ¢ test, p < 0.05; NS and S cells combined]. Together,
these results confirm that activation of pure feedforward inhibi-
tory circuits generates a range of I/E ratios and that the average
I/E ratio at 4 weeks PTI is lower than that in mature GCs.

Distinct determinants of spiking across development

In summary, examining IPSCs, EPSCs, and spiking probabilities
revealed new features about the synaptic integration of newly
generated GCs. First, there is a gradual increase of both excitatory
and inhibitory synaptic input that does not achieve mature levels
until after 6 weeks (measured by the EPSC and IPSC amplitudes;
Fig. 9A). A time-dependent increase in excitatory innervation is
consistent with prior retroviral labeling studies that track the
integration of adult-generated cells (Espdsito et al., 2005; Ge et
al., 2006; Mongiat et al., 2009). Second, the relatively delayed
establishment of inhibitory innervation appears to account for
the increase in the I/E ratio during maturation (Fig. 9B). Third,
synaptic inhibition suppresses GC spiking and the degree of sup-
pression increases with maturation of the I/E ratio. The role of
inhibition in spiking was evident in both whole-cell (Fig. 5) and
cell-attached recordings (Fig. 9C), suggesting that inhibition re-
lies on shunting rather than hyperpolarization (Chiang et al.,
2012). Finally, we show that many GCs at every developmental
stage do not spike and that the reason they do not spike differs
across developmental stage. This is illustrated by plotting the
percentage of nonspiking cells (P, pqpiking) from cell-attached re-
cordings (Fig. 9D). With inhibition intact, the majority of mature
and immature GCs are nonspiking, consistent with sparse popu-
lation activity. When inhibition is removed, all mature GCs spike,
whereas a large fraction of immature GCs remain silent due to an
insufficient excitatory drive. Thus, distinct determinants main-
tain sparse activation of immature and mature GCs.

Discussion

Our results suggest that the protracted period of synaptic innerva-
tion of newly generated GCs yields distinct contributions of excita-
tion and inhibition to perforant path-evoked spiking. Functional
synaptic inhibition limited spiking by 4 weeks PTI, but the restric-
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Figure7. Inhibition suppressesspikingin cell-attached recordings. 4, B, Example cell-attached recordings from nonspiking and
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overlaid. , All mature GCs spiked with high probability in gabazine, but 5 of 13 cells at 4 weeks PTI did not spike in gabazine.
Stimulus artifacts are truncated. D, The P, ;. values at the lowest and highest stimulus intensity. Gabazine increased Py ., (red
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tion was less robust due to the low I/E ratio, which did not achieve
mature values even 6 weeks PTL The role of excitatory drive was
evident when inhibition was blocked, revealing that reduced excit-
atory innervation was a limiting factor at early stages of maturation
despite the higher input resistance. We thus propose that reduced
excitatory drive combined with functional synaptic inhibition tem-
per the intrinsic excitability of immature GCs, potentially maintain-
ing the sparse activation observed in vivo.

Our results provide the first characterization of intrinsic and
synaptic maturation of GCs using a Nestin-CreER transgenic sys-
tem (Lagace et al., 2007; DeCarolis et al., 2013). Although the
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sequence of GC maturation is consistent
with prior retroviral labeling studies, we
report generally higher measures of input
resistance at 4 and 6 weeks that likely stem
from both technical and biological
sources. First, persistent neuronal pro-
duction from Nestin * stem cells produces
a spectrum of cell ages at time points fol-
lowing tamoxifen administration. How-
ever, recording from labeled cells with
dendrites that project through the molec-
ular layer selects for the most functionally
mature cells at each time interval, and at 4
weeks PTI, immature GCs displayed
largely mature action potential properties,
similar to prior retroviral labeling studies
(Esposito et al.,, 2005; Mongiat et al.,
2009). Second, we recorded from imma-
ture GCs in the ventral hippocampus
taken from mice maintained in standard
housing, conditions that are associated
with slower maturation compared with
dorsal hippocampus (Piatti et al., 2011;
Snyder etal., 2012). Importantly, our con-
clusion about the changing role of excita-
tion and inhibition in GC spiking does not
depend on precise cell age but rather the
functional maturation of GCs that dis-
plays region- and activity-dependent
heterogeneity.

For analysis of our stimulation para-
digm, we classified GCs as spiking or non-
spiking depending on their behavior toward
a single stimulus with inhibition intact. The
dichotomy of spiking behavior (and I/E ra-
tios) could result from authentic anatomical
heterogeneity of innervation between GCs
or simply from heterogeneity in the partic-
ular inputs that are stimulated, such that
nonspiking GCs would spike when the stim-
ulating electrodes are moved to a new loca-
tion to activate distinct afferents. Since our
stimulus paradigm presumably activates
only a fraction of inputs to each GC, we can-
not differentiate between these possibilities
based on the distribution of the I/E ratios
that we measured. However, changing the
stimulus frequency was sufficient to alter the
I/E ratio and spiking behavior of some ma-
ture GCs, indicating that a component of
the ratio depends on stimulus parameters.
Further studies are required to determine

whether the heterogeneity of the I/E ratios that we observed reflects
cell-specific heterogeneity rather than variability in the recruitment
of afferent activity to a homogeneously connected population.

The role of synaptic inhibition in GC spiking

We found a striking increase in the I/E ratio across GC develop-
ment that suggests synaptic inhibition becomes increasingly im-
portant for limiting spiking during GC maturation. Yet despite
the lower I/E ratio, gabazine still increased the percentage of GCs
that spiked and the average spiking probability at 4 weeks PTI.
This result appears to conflict with studies by Marin-Burgin et al.
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(2012) and Li et al. (2012), which showed
that blocking inhibition had no effect on
the input strength required to generate
50% spiking. Several differences could
underlie this discrepancy. First, we did not
normalize stimulation intensities between
cells but rather tested spiking probability
across a range of stimulus intensities. We
found that fEPSPs increased exponen-
tially rather than linearly with stimulus in-
tensity (data not shown) and that the
population spike was not a sensitive indi-

cator of stimulus strength since only a D Mature GC
fraction of GCs spike regardless of stimu-

lus intensity; thus, we simply used the

EPSC amplitude as a measure of the input

strength and normalized inhibition to ex- TNBQX

citation to account for differences in ex- -
citatory drive between cells. Second, our
stimulus paradigm consisted of dual
MML and OML stimulation to assess the
integration of medial and lateral perforant
path inputs, whereas prior studies primar-
ily used single-pathway stimulation. Per-
haps most importantly, we included
nonspiking GCs in our analysis. Since in-
hibition suppresses spiking, nonspiking
GCs are the most affected by gabazine.
That a majority of GCs fail to spike in re-
sponse to afferent stimulation is consis-
tent with other slice studies using Ca** and voltage imaging
(Coulter and Carlson, 2007; Yu et al., 2013). In principal, direct
stimulation of GABAergic interneurons could overestimate the
role of inhibition, but this is an unlikely confound since pure
feedforward responses generated a similar range of I/E ratios that
also differed between mature and immature GCs (Fig. 8). To-
gether, our results show that GABAergic inhibition plays a role in
GC excitability even in immature GCs.

The potential significance of inhibitory control of immature
GC spiking is threefold. First, our results show that the participa-
tion of immature GCs in DG network activity is subject to mod-
ulation of GABAergic inhibition. Since GABA depolarizes GCs at
all stages of their development (Staley and Mody, 1992; Chiang et
al., 2012; Sauer et al., 2012), GABAergic inhibition is achieved
both by shunting inhibition and the regulation of action potential
threshold (Rojas et al., 2011). Excitatory effects of GABA depo-
larization could promote GC spiking, depending on the exact
location and timing of synaptic GABA events (Chiang et al.,
2012), but have yet to be demonstrated experimentally. Since
synaptic inhibition is regulated by a myriad of neurotransmitters
and modulators, inhibitory control of immature GC activation
provides a mechanism for flexible regulation of immature GC
activation under a variety of conditions. Second, synaptic inhibi-
tion not only suppresses excitability but can also lower the corre-
lation of spiking in populations of neurons receiving coactivation
(Middleton et al., 2012). Thus, the inhibition of immature and
mature GCs could contribute to enhancing variability in the
sparse population coding of the DG. Finally, synaptic inhibition
is also expected to contribute to the window of excitatory inte-
gration conferred by dendritic passive membrane properties
(Pouille and Scanziani, 2001; Schmidt-Hieber et al., 2007; Kruep-
pel etal., 2011).

100 pA|
20 ms

Figure 8.

A MEC/LEC stim

CA1

I/E Ratio
™
(] ..
[}
L
H

Dieni et al. ® Determinants of Granule Cell Spiking

B Mature GC C 4.
LEC stim

=

80 -
O
S0 pAl 7 40
MEC stim 50 ms o
record 'F‘F ]

(IOA)

"LEC MEC LEC/MEC
Pathway stimulation

4. E Immature GC,

0 L.E: ) Wp&

ML EC 25ms

Reduced I/E ratios of immature GCs following EC stimulation (stim). A, Schematic diagram of stimulation paradigm
with dual stimulation in the MEC and LEC. B, Examples of EPSCs in mature GCiin response to paired-pulse stimulation of the MEC
(top) or LEC (bottom) pathways. C, Comparison of EPSCamplitudes in mature GCs evoked by single and dual stimulation of the MEC
and LEC at the highest stimulus intensity (300 wA). D, Left, Example of the I/E ratio in mature GCs in response to MEC/LEC
stimulation. IPSCs recorded at 0 mV were blocked by NBQX/AP-5 (gray trace, n = 10). Right, The I/E ratio from MEC/LEC stimulation
(n = 24) was similar to that of MML/OML stimulation (n = 32, from Fig. 4C); unpaired t test, p = 0.9. , Left, Example of the I/E
ratioinanimmature GCat 4 weeks PTl following MEC/LEC stimulation. Right, The I/E ratio from MEC/LEC stimulation (n = 30, from
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Distinct mechanisms maintain sparse activation of immature

and mature GCs

The decision to fire an action potential is determined by a com-
bination of excitatory drive, intrinsic excitability, and synaptic
inhibition. Our results suggest that the relative importance of
these factors changes across GC maturation. GCs ~3 weeks of age
had the highest input resistance, yet a relatively depolarized
threshold for spiking and the lowest degree of excitatory inner-
vation. Although insufficient excitatory drive prevented spiking
in our stimulating paradigm, different stimulating protocols or
recording conditions can recruit this highly excitable population
(Mongiat et al., 2009). Conversely, the high degree of excitatory
innervation assured that mature GCs were very likely to reach
threshold in the absence of inhibition despite their lower input
resistance. We thus conclude that spiking in very immature GCs
is limited primarily by excitatory drive, whereas spiking in ma-
ture GCs is limited primarily by inhibition.

The determinants of spiking at intermediate stages are more
complex. At 6 weeks PTI, GCs had higher input resistance and
lower I/E ratio than mature GCs, yet similar spiking probability
(Fig. 5E). Like mature GCs, spiking probability approached 1
when inhibition was blocked showing that inhibition strongly
suppressed spiking at this stage. The low I/E ratio of spiking ma-
ture and 6-week-old GCs was associated with large EPSCs (at
highest stimulus intensity; Table 1), suggesting that heteroge-
neous excitation contributes to the ratio at both stages (Pouille et
al., 2009).

An unexpected result was that spiking in immature GCs did
not correlate with input resistance, and, in fact, there was a trend
for spiking cells to have a lower input resistance at each time
interval (Table 1). This suggests that intrinsic properties other
than input resistance promote spiking of immature GCs. For
example, low-voltage activated Ca™ channels in immature GCs



Dieni et al. ® Determinants of Granule Cell Spiking

A B _
1 -1 2
— m
: Non-spikin
g ('/U) o piking
2 O B [
~ - =5 11 @ A
O o w o
2 3 = O o
o 3 Spiking
0 Lo~
34 6Mat 3 4 6Mat 4 6 Mature
PTI (weeks) PTI (weeks)
C
*
21 A 1100 4 wk
5 # Solbtgae
] (o)
® c Mat
Lo g
505 Q
a 4010—0—0—0—0
o # # i 4wk
f= o 20 gabazine
= } } = & Mat
5o o 0
T T T T
4wk Mat 4wk Mat 100 150 200 250 300
Low stim High stim Intensity (WA)
Figure9. Distinct determinants of sparse spiking. 4, IPSCand EPSC amplitudes inimmature

GCs are significantly different from mature GCs. One-way ANOVA: 3 o) = 1637, p < 0.0001
(IPSCs); F3 66) = 16.32, p << 0.0001 (EPSCs). Tukey's post-test, ***p << 0.05. IPSCs and EPSCs
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open symbols represent the average I/E ratio for spiking GCs with all stimulus (stim) intensities
combined: S X NS: Fi; 304 = 49,5, p << 0.0001; 4 weeks X 6 weeks X mature (Mat):
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weeks X NS Mat; NS 6 weeks X NS Mat: *p << 0.05. €, Gabazine increased the average spiking
probability at all stimulus intensities. Data from cell-attached recordings in Figure 7 show the
highest and lowest stimulus intensities, with the average spiking probability from spiking and
nonspiking cells combined. Low stimulus intensity: control X gabazine: F; 54y = 32.3,p =
0.0007. Tukey's post-test, #p << 0.05. At higher stimulus intensities, the spiking probability of 4
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(circles). This result was similar across all stimulation intensities, suggesting it did not depend
on the number of activated fibers. Data are from cell-attached recordings in Figure 7.

can trigger Ca’" spikes that boost initiation of Na™ spikes in
response to direct current injection (Schmidt-Hieber et al.,
2004). We speculate that activation of voltage-dependent regen-
erative potentials also facilitates spiking in response to synaptic
drive (Fig. 5F). Supporting this idea, we found that spiking 4
week PTI GCs generated slightly more spikes at successive cur-
rent steps compared with nonspiking cells (not shown), despite
the trend for a lower input resistance. Since input resistance is
negatively correlated with dendrite length, the tendency for spik-
ing GCs to have lower input resistance at each interval PTT also
highlights the importance of excitatory drive that presumably
depends on dendritic integration.

Potential contribution of immature and mature GCs to DG
network activity

It is well established that the DG uses sparse population coding
with only a small percentage of GCs activated in response to
physiological stimuli (Jung and McNaughton, 1993; Chawla et
al., 2005; Ramirez-Amaya et al., 2006; Kee et al., 2007; Stone et al.,
2011; Neunuebel and Knierim, 2012). Although several studies
using c-Fos as a marker of GC activation suggested preferential
recruitment of immature GCs over mature GCs (Ramirez-
Amaya et al., 2006; Kee et al., 2007), using strict measures of GC
age revealed similar low levels of activation at every stage of mat-
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uration (Stone et al., 2011). Our results showing that different
mechanisms contribute to GC spiking at progressive develop-
mental stages could allow GCs to process distinct components of
entorhinal network activity rather than account for “more” or
“less” of the DG neural representation. Reduced innervation
combined with high intrinsic excitability and low I/E ratios pre-
dicts that immature GCs are highly responsive to select cortical
inputs, whereas mature GCs with profuse innervation are mini-
mally responsive to a broad array of cortical activity patterns.
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