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Optogenetic Activation of Cajal-Retzius Cells Reveals Their
Glutamatergic Output and a Novel Feedforward Circuit in the
Developing Mouse Hippocampus

Giulia Quattrocolo and Gianmaria Maccaferri
Department of Physiology, Feinberg School of Medicine, Northwestern University, Chicago, Illinois 60611

Cajal-Retzius cells orchestrate the development of cortical circuits by secreting the glycoprotein reelin. However, their computational
functions are still unknown. In fact, the nature of their postsynaptic targets, major neurotransmitter released, as well as the class of
postsynaptic receptors activated by their firing remain unclear. Here, we have addressed these questions by activating Cajal-Retzius cells
optogenetically in mouse hippocampal slices. Light delivered to stratum lacunosum-moleculare triggered EPSCs both on local interneu-
rons and on pyramidal cells. Responses recorded under voltage-clamp conditions had identical short latencies and similar amplitudes,
but were kinetically different (i.e., faster in interneurons vs pyramidal cells). In both cases, responses were blocked by TTX, indicating that they
were generated by action potential-dependent release. Responses in interneurons were rescued by the addition of 4-AP to TTX, and decreased
when presynaptic firing in Cajal-Retzius cells was reduced by the chemokine CXCL12, indicating the existence of a direct Cajal-Retzius cell-
interneuron monosynaptic connection. Although the combined application of 4-AP and TTX did not rescue responses in pyramidal cells, neither
were they affected by the GABA,, receptor blocker gabazine, which would be expected if they were polysynaptic. Both connections showed
physiological and pharmacological properties indicating the involvement of AMPA- and NMDA-type glutamate receptors. The connectivity
from presynaptic Cajal-Retzius cells to interneurons was strong enough to generate long-latency feedforward GABAergic input onto pyramidal
cells. We propose that this newly defined Cajal-Retzius cell-dependent microcircuit may regulate synaptic plasticity and dendritic development

in stratum lacunosum-moleculare, thus impacting the integrative properties of the developing hippocampus.
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Introduction

Despite having been described more than a century ago, Cajal-
Retzius cells remain an enigmatic neuronal type (Soriano and Del
Rio, 2005). The discovery of their immunoreactivity to the allelic
antigen missing in the reeler mouse (Ogawa et al., 1995), together
with the identification of this gene as reelin (D’Arcangelo et al.,
1995), led to the proposal that Cajal-Retzius cells are critical for
the correct assembly of maturing cortical circuits (Frotscher,
1998). For these reasons, a large number of studies has focused on
reelin-dependent roles of Cajal-Retzius cells, which operate at
relatively slow time scales during development (Del Rio et al.,,
1997; Borrell et al., 2007; Hammond et al., 2010; Franco et al.,
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2011; Gil-Sanz et al., 2013; for review, see also Tissir and Goffinet,
2003). In contrast, knowledge of their fast synaptic signaling is
still relatively scarce. Yet, this is a critical issue, because compu-
tations performed by neurons within specific brain networks de-
pend on the physiological properties of their input and output
synapses (Shepherd and Koch, 1990).

We have recently begun to address these latter points for
Cajal-Retzius cells of the hippocampus. Similarly to neocortical
Cajal-Retzius cells (Kilb and Luhmann, 2001; Soda et al., 2003;
Cosgrove and Maccaferri, 2012), we have also observed in the
hippocampus that spontaneous synaptic input to these neurons
is mostly, if not exclusively, due to GABA, receptor-mediated
postsynaptic currents (Marchionni et al., 2010; Quattrocolo and
Maccaferri, 2013). In addition, we have identified specific in-
terneurons types, such as stratum lacunosum-moleculare neuro-
gliaform cells (for review, see Capogna, 2011; Armstrong et al.,
2012) and oriens lacunosum-moleculare (O-LM) interneurons
(Maccaferri et al., 2000; Maccaferri, 2005), as presynaptic ele-
ments mediating either Cajal-Retzius cell excitation and firing or
depolarization block and inhibition via GABA, receptor-
mediated signaling (Quattrocolo and Maccaferri, 2013).

Thus, because of this cell type-specific input, Cajal-Retzius
cell firing would be predicted to be modulated by hippocampal
rhythmic states associated with activation of neurogliaform and
O-LM interneurons (Klausberger et al., 2003; Fuentealba et al.,
2010; Varga et al., 2012).
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However, it is difficult to expand these predictions into mean-
ingful hypotheses because of the lack of knowledge both of the
receptor mechanisms mediating their synaptic output and of
their target-cell connectivity. In fact, contrasting results have sug-
gested that Cajal-Retzius cells express either a GABAergic
(Imamoto et al., 1994; Marin-Padilla, 1998; Pesold et al., 1998) or
a glutamatergic phenotype (del Rio et al., 1995; Hevner et al.,
2003; Ina et al., 2007). Furthermore, their postsynaptic targets
remain undetermined.

Here, we directly address these issues by taking advantage of
optogenetic techniques. Our results indicate that Cajal-Retzius
cells form excitatory connections onto interneurons and also af-
fect pyramidal cells by activating postsynaptic AMPA- and
NMDA-type glutamate receptors. Furthermore, we show that
this network arrangement generates a powerful feedforward
GABAergic input onto pyramidal cells.

We propose that synaptic signaling by this newly defined mi-
crocircuit contributes to the maturation and/or plasticity of tem-
poroammonic synapses of the stratum lacunosum-moleculare
network (Maccaferri, 2011), thus ultimately affecting hippocam-
pal rate codes and their integrative functions (Ahmed and Metha,
2009).

Materials and Methods

Ethical approval. All animal procedures used in this study were in com-
pliance with the guidelines provided by the Institutional Animal Care
and Use Committee of Northwestern University and the National Insti-
tutes of Health.

Animals. The animals used in this study were generated by breeding
Wnt3a-TRES-Cre mice [strain, B6(Cg)-Wnt3a"""! (ere)Mull/Nfmmbhy; stock
number, 031748-MU (RRID:IMSR_MMRRC:031748), henceforth re-
ferred to as Wnt3a-IRES-Cre; see Gil-Sanz et al., 2013] with a strain that
conditionally expresses an improved channelrhodopsin-2(ChR2)/EYFP
(enhanced yellow fluorescent protein) fusion protein [ChR2(H134R)-
EYFP] following Cre-mediated removal of the floxed STOP cassette
[strain, B6;129S-Gt(ROSA)26Sor"™32(CAG-COPHHISAR/EYFP)Hze ). g0k
number, 012569 (RRID:MGI_MGI:5013789), henceforth referred to as
ChR2(H134R)-EYFP; Madisen et al., 2012]. Animals of either sex were
used throughout this study.

Histological analysis, microscopy, and photography. Postnatal day 14
(P14) mice (five animals from five different litters) were used for immu-
nocytochemical experiments. Animals were anesthetized by intraperito-
neal injection of sodium pentobarbital (60 mg/kg body weight) and
perfused with isotonic saline followed by 4% formaldehyde in 0.12 M
phosphate buffer (PB), pH 7.4. After perfusion, mice were maintained in
situ for 1 h, then brains were dissected and cryoprotected in 30% sucrose
in PBS. Hippocampal sections were cut serially at 40 um on a freezing-
stage microtome. Immunocytochemical reactions for ChR2(H134R)-
EYFP mice were performed as follows. For bright-field microscopy,
sections were incubated with the primary antibody rabbit anti-GFP [1:
3000; catalog #G10362 (RRID:AB_10565179), Life Technologies], en-
hanced with a secondary biotynilated antibody (1:500; catalog
#RPN1004-2ML (RRID:AB_1062582), Life Technologies], and pro-
cessed according to an avidin/biotin amplification protocol (Elite ABC
Vectastain, Vector Laboratories). Bright-field images were acquired
with a Spot RT CCD video camera (Diagnostic Instruments)
mounted on a Nikon Eclipse E800 microscope. For immunofluores-
cence and confocal imaging, sections were incubated with the following
mixture of primary antibodies: rabbit anti-GFP [1:3000; catalog
#G10362 (RRID:AB_10565179), Life Technologies]; and mouse anti-
reelin [1:1000; catalog #MAB5364 (RRID:AB_2179313), EMD Milli-
pore]. Bound primary antibodies were visualized by secondary
antibodies coupled to Alexa Fluor 488 [1:600; catalog #A11034 (RRID:
AB_10562715), Life Technologies] and Alexa Fluor 594 [catalog
#A11032 (RRID:AB_10562708), Life Technologies]. Laser-scanning
confocal images were obtained with a Nikon PCM 2000 Confocal Micro-
scope System, mounted on the Eclipse microscope.
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Slice preparation. Acute hippocampal slices (400 wm thick) were pre-
pared from young animals (P8-P18). Mice were deeply anesthetized
with isoflurane and decapitated. The brain was removed and placed into
a small container filled with chilled modified artificial CSF (ACSF; in
mM) as follows: 130 NaCl, 24 NaHCO;, 3.5 KCl, 1.25 NaH,PO,, 1 CaCl,,
2 MgCl, 10 glucose, saturated with 95% O,, 5% CO, at pH 7.4. Trans-
verse sections were cut using a vibrating microtome (VT 1000 S or VT
1200 S, Leica). Slices were then incubated at 34-35°C for at least 30 min
and then stored at room temperature until use. A cut eliminating the CA3
region was made in some of the experiments. As no differences were
noted with intact slices, this was not consistently performed, and results
were pooled together.

Electrophysiological recordings. Slices were transferred to a direct mi-
croscope (either Scientifica or Olympus) with oblique illumination op-
tics (Olympus) and an infrared camera system (VX-55, TILL Photonics).
Cells were visualized using a 60X infrared water-immersion objective.
Slices were superfused with preheated ACSF of the following composi-
tion (in mm): 130 NaCl, 24 NaHCO;, 3.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 1
MgCl,, 10 glucose, saturated with 95% O,, 5% CO, at pH 7.4 and main-
tained at a constant temperature (31-33°C) by a temperature controller
(TC-324B, Warner Instruments).

Interneurons of stratum lacunosum-moleculare were selected accord-
ing to their localization, preferably close to the fissure, as shown by Zsiros
and Maccaferri (2005). Cajal-Retzius cells, cells were recognized by their
location, typical tadpole shape, and EYFP fluorescence. Principal neu-
rons of the entorhinal cortex from layers II and III were recorded both in
the medial and lateral entorhinal cortex. Because results were not differ-
ent, data were pooled together.

Recording pipettes were pulled from borosilicate glass capillaries
(Prism FLG15, Dagan Corporation) and had a resistance of 3-5 M()
when filled with the appropriate internal solution, as reported below.
Recordings were performed using a Multiclamp 700 amplifier (Molecu-
lar Devices). The signals were filtered at 3 kHz and digitized at 20 kHz
using a Digidata 1322A and the Clampex 9 program suite (Molecular
Devices). Voltage-clamp recordings were performed at the holding po-
tential indicated in the text, while cell-attached recordings were per-
formed at a holding potential of 0 mV. Series resistances were monitored
through the injection of a 5- to 10-mV-step in voltage clamp, but not
corrected. The overall series resistance was estimated to be 22 = 1 M()
(n = 45 cells).

Pipette solutions. The solution for voltage-clamp recordings from hip-
pocampal Cajal-Retzius cells, interneurons, pyramidal cells, and entorhi-
nal cortex neurons was as follows (in mm): 125 Cs-methanesulfonate
(KCl for some experiments shown in Fig. 13), 0.3 GTP-Na, 4 ATP-Mg,,
16 KHCOj3, 10 QX-314Cl and 0.3—0.5% biocytin, equilibrated with 95%
0,, 5% CO, to pH 7.3.

The solution for current-clamp recordings from interneurons was as
follows (in mm): 125 K-methylsulfate, 10 NaCl, 0.3 GTP-Na, 4 ATP-Mg,,
16 KHCO; and 0.3—0.5% biocytin, equilibrated with 95% O,, 5% CO, to
pH 7.3.

The solution for current-clamp recordings from Cajal-Retzius cells
was as follows (in mm): 105 K-methylsulfate, 10 NaCl, 20 KCI, 0.3 GTP-
Na, 4 ATP-Mg,, 16 KHCOj; and 0.3—0.5% biocytin, equilibrated with
95% O,, 5% CO, to pH 7.3.

The solution for cell-attached recordings from Cajal-Retzius cells and
entorhinal cortex neurons was as follows (in mm): 130 NaCl, 24
NaHCO;, 3.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 10 glucose, satu-
rated with 95% O,, 5% CO, at pH 7.4.

Optogenetic stimulation of neurons. Blue light was transmitted to the
slice from a collimated LED (Prizmatix) attached to the epifluorescence
port of a direct microscope. Brief (1-5 ms) light flashes were directed to
stratum lacunosum-moleculare of the slice in the recording chamber via
a mirror coupled to a 60X objective (1.0 numerical aperture). Flashes
were delivered every 60 s, as we found in preliminary experiments that
this interstimulus interval produced reliable and stable activation of
Cajal-Retzius cells. The number of action potentials elicited by a light
flash in Cajal-Retzius cells (directly measured as action currents in the
cell-attached configuration) did not change significantly for at least 15
min (1.2 * 0.1 action currents during the first 3 min vs 1.2 = 0.2 action
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currents during the last 3 min of the experi-
ment; n = 7; p > 0.999, Wilcoxon matched-
pairs signed-rank test). The LED output was
driven by transistor-transistor logic output
from the Clampex software of the pCLAMP 9.0
program suite (RRID:rid_000085, Molecular
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Devices).

Post hoc anatomical methods. Cells were
filled with biocytin during whole-cell record-
ing and then fixed overnight in 4% paraformal-
dehyde in 0.1 M PB at 4°C. Endogenous
peroxidase activity was quenched with a 3%

H,0, solution for 15 min. Sections were incu-
bated overnight at 4°C in avidin—Dbiotinylated
HRP complex (Vectastain ABC Elite Kit, Vec-
tor Laboratories) with 0.1% Triton X-100 in
PB, followed by a peroxidase reaction with
DAB as a chromogen, and intensified with 1%
NiNH,SO, and 1% CoCl,. Slices were post-
fixed with 0.1% OsO, in PB (1 min) and then
mounted on slides with Moviol (Calbiochem).
Cells were reconstructed using a drawing tube
(catalog #452181-9901-000, Zeiss) and digi-
tized using the Neuron] plugin (RRID:nif-
0000-00108; Meijering et al., 2004) of the
Image]J software (National Institutes of Health;
RRID:nif-0000-30467).

Analysis of electrophysiological recordings.
Peak amplitudes, latencies, and kinetic param-
eters (20—80% rise times and half-widths) of
synaptic responses were measured and
analyzed using the Clampfit 9.0 (RRID:
rid_000085, Molecular Devices), Origin Pro
7.0 (RRID:rid_000069, OriginLab), Prism 5
(RRID:rid_000081, GraphPad Software), and
Microsoft Excel suites of programs. To reduce
the impact of the jitter of the response on peak amplitude and kinetic
parameters, measurements shown in Figure 7 were not performed on
averaged signals, but on individual waveforms, and then the values ob-
tained for several traces were averaged (5 = 0 traces for n = 28 interneu-
rons, 5 * 0 traces for n = 21 pyramidal cells). Peak amplitudes were
automatically measured by Clampfit using a smoothing window of five
samples. Latencies were measured with cursors from the beginning of the
light flash. Data used to build and compare the distributions of the basic
properties of the responses recorded in interneurons versus pyramidal
cells were filtered at 1 kHz. Pharmacological experiments were analyzed
comparing the properties of responses obtained in control solutions
(three to five sweeps, depending on the experiment) versus the ones
obtained in the presence of the tested drug and measured in an identical
number of traces. When responses were pharmacologically blocked, the
values given in the text reflect the peak of the current noise within the
time window selected for the analysis. For pharmacological experiments
evaluating feedforward currents, peak amplitudes were obtained from
the average of 5 * 0 traces in control and 5 = 1 in the presence of the drug
(n = 12 pyramidal cells). Peak amplitudes were converted in conduc-
tances using a GABA , reversal potential estimated as described by Aradi
and Maccaferri (2004).

A subset of experiments, in which both the absence and presence of a
light-evoked response was recorded (P10—P18) was considered for the
analysis of the developmental profile of the connection between Cajal-
Retzius cells and their postsynaptic targets. The probability of finding a
response shown in Figure 8 was estimated by dividing the number of cells
showing a response to light by the overall number of cells tested. A cell
was considered to be nonresponsive if light-evoked events could not be
observed even using a light flash of 5 ms duration at maximal intensity.

Statistical methods. Data are presented as mean = SE. The significance
level was selected as 0.05, and nonparametric tests were used, as appro-
priate. Probability values are given rounded off to three decimal places.

Figure 1.

overlay

Bright-field and confocal microscopy demonstrate ChR expression in hippocampal Cajal-Retzius cells. Images from
transverse hippocampal sections of P14 Wnt3a-IRES-Cre; ChR2(H134R)-EYFP animals. A, Immunocytochemistry shows EYFP-
labeled cells along the hippocampal fissure in stratum lacunosum-moleculare and molecular layer of the dentate gyrus (black box).
B, The area included in the box in A is shown at higher magnification. Notice the typical features of Cajal-Retzius cells. A black box
selects an individual cell, which is shown at higher magnification in C. D—F, Confocal images showing the immunolocalization of
EYFP, reelin, and their overlap.

Linear fits were weighted according to the number of cells used to esti-
mate the probability of finding a response (see Fig. 8). The specific tests
used are explicitly indicated in the text.

Drugs. Drugs were obtained as follows: p-AP-5, NBQX, and gabazine
were from Abcam; QX-314 was from Alomone Labs; and murine
CXCL12 was from Peprotech. All other drugs were from Sigma-Aldrich.

Results

Optogenetic activation of cortical hem-derived hippocampal
Cajal-Retzius cells

As paired recording-based attempts to study the postsynaptic
output of Cajal-Retzius cells have been unsuccessful (in the neo-
cortex: Soda et al., 2003; in the hippocampus: Marchionni et al.,
2010), we decided to take advantage of optogenetic techniques
(Williams and Deisseroth, 2013). Cortical hem-derived Cajal-
Retzius cells belong to the Wnt3a lineage (Yoshida et al., 2006;
Louvi et al., 2007) and settle mostly in the hippocampus (Gu et
al., 2011). Therefore, we took advantage of the availability of a
Wnt3a-IRES-Cre mouse line (Gil-Sanz et al., 2013) to drive the
expression of a channelrhodopsin variant-EYFP fusion protein
[ChR2(H134R)-EYFP (ChR); Madisen et al., 2012] in Cajal-
Retzius cells.

As shown in Figure 1, strong EYFP immunoreactivity was
detected in a population of cells localized mainly around the
hippocampal fissure in stratum lacunosum-moleculare of the
CALl subfield and in the molecular layer of the dentate gyrus
(compare Anstotz et al., 2013, their Fig. 4). When observed at
high magnification, these cells had the typical characteristics of
Cajal-Retzius cells (i.e., tadpole morphology with a single main
dendrite and were also endowed with reelin immunoreactivity;
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Figure 2.  Optogenetically triggered firing in Cajal-Retzius cells. A, Camera lucida tracing of whole-cell, biocytin-filled, EYFP-
expressing neurons of stratum lacunosum-moleculare reveals the typical features of Cajal-Retzius (I-m, stratum lacunosum-
moleculare). B, Short flashes of blue light induce action currents in cell-attached configuration (c-a, top traces; five sweeps
superimposed) and reveal inward currents after breakthrough into whole-cell voltage-clamp mode (w-¢, V;, = —60 mV, bottom
traces; five sweeps superimposed). Notice the beginning of the current already during the flash. The empty square indicates
latencies measured from the start of the light flash (vertical dotted blue line) to the peak of the action current. The dotted line is for
reference. C, Similarly, flashes of blue light trigger firing in the whole-cell current-clamp configuration (five traces superimposed).
The empty circle highlights the measurement of the latency from the beginning of the light flash (vertical dotted blue line) to the
peak of the action potential. The dotted line indicates the 0 mV level. D, Firing pattern of ChR-expressing cells. Notice the sag in the
hyperpolarization response (—25 pA step, 1) and the train of action potentials terminated by depolarization block (70 pA, 15),
which is characteristic of Cajal-Retzius cells. The dotted line indicates —62 mV. E, Summary plot of the latency of the firing
measured under cell-attached (c-a, empty squares) and whole-cell configuration (w-c, empty circles). Both mean = SE and
individual data points are shown. F, Unreliable stimulation by trains of flashes. Notice the decreasing probability of firing coupled
with increasing latencies during a 10 Hz train of flashes delivered to a Cajal-Retzius cell (recoded in cell-attached mode: c-a, four
traces superimposed). Action currents are expanded in the insets, and the blue dotted lines indicate the start of the flash. Same cell
after passing in whole-cell mode (w-c); notice the decreasing amplitude of the photocurrents during the repeated stimulation.
Black dotted line for reference.
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in Cajal-Retzius cells both under cell-
attached and whole-cell configurations
(Fig. 2). The latencies from the beginning
of the light flash to the peak of the action
potential were 4.4 * 0.4 ms (n = 18) and
5.6 = 0.5ms (n = 11), respectively, under
cell-attached and whole-cell configura-
tions (p = 0.069, Mann—Whitney test).
However, when trains of light flashes were
used, activation of Cajal-Retzius cells be-
came unreliable (Fig. 2). For example, a
train of three light flashes delivered at 10
Hz resulted in different probabilities of
firing (1.0 for the first pulse, 0.87 for the
second pulse, and 0.72 for the third pulse,
respectively; n = 9; p = 0.001, Friedman
test) and increasing latencies (4.9 * 0.5,
9.2 = 0.8,and 12.3 * 0.8 ms, respectively,
for the first, second, and third stimuli, p <
0.0001, Friedman test; n = 9). Therefore,
for the remainder of this study, we only
used single-flash stimulation.

Cajal-Retzius cell output synapses

are glutamatergic

Having established that ChR expression
in Cajal-Retzius cells under our experi-
mental conditions was sufficient to reli-
ably induce firing (following a single flash
delivered at low frequencies; for details,
see Materials and Methods), we decided
to investigate whether optogenetic activa-
tion of Cajal-Retzius cells could reveal
postsynaptic currents in stratum lacunosum-
moleculare interneurons. When we re-
corded from these cells in voltage-clamp
mode [holding potential (V,) = —60
mV], the delivery of a flash of blue light
generated inward waveforms with the
appearance of postsynaptic currents
(Fig. 3). Responsive interneurons typi-
cally had multipolar short dendrites and
local axonal ramifications (Fig. 3). In 11
interneurons, we could recover, to vari-
able degrees, both the somatodendritic
structure and the cell axon, whereas in 4
cells, we could recover only the axon
and the soma. Their typical location in

Fig. 1; see also Marchionni et al., 2010, 2012; Quattrocolo and
Maccaferri, 2013). In addition, weaker immunoreactivity was
also present in the granule layer of the dentate gyrus and in the
stratum lucidum of the CA3 subfield, consistent with a reported
role for Wnt-mediated regulation of dentate gyrus adult neuro-
genesis (Lie et al., 2005). Similar results were obtained when the
hippocampi of five mice were examined.

Within stratum lacunosum-moleculare, the selective expression
of ChR by Cajal-Retzius cells was confirmed by biocytin filling of
18 EYFP-expressing neurons (Fig. 2). In all cases, the structure of
the recovered cells showed the typical morphology of hippocam-
pal Cajal-Retzius cells, with a single main dendrite and the axon
emerging from the opposite pole, as previously described (Mar-
chionnietal., 2010, 2012; Quattrocolo and Maccaferri, 2013). We
next verified that light activation of ChR was able to induce firing

stratum lacunosum-moleculare, together with their morpho-
logical characteristics, suggests that the vast majority of these
neurons were neurogliaform cells (Vida et al., 1998).

Next, we designed experiments to test the hypothesis that the
waveforms observed in stratum lacunosum-moleculare in-
terneurons were mediated by postsynaptic glutamate receptors
(Fig. 4). We took advantage of the fact that AMPA- and NMDA-
type glutamate receptors possess very distinct kinetic and phar-
macological properties (for review, see Dingledine et al., 1999).
When we compared responses recorded at hyperpolarized (—60
mV) versus depolarized membrane potentials (+60 mV), we no-
ticed clear kinetic differences. Waveforms detected at —60 mV
had a peak amplitude of 57 = 15 pA, rise times of 1.1 = 0.2 ms,
and half-widths of 3.8 = 0.6 ms, whereas, at a holding potential of
+60 mV, we measured peak amplitudes of 72 = 16 pA, rise times
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Light stimulation of Cajal-Retzius cells triggers inward currents in stratum lacunosum-moleculare interneurons held in voltage clamp (V,, = —60 mV). 4, Anatomical

reconstruction of four neurogliaform-like cells with local axonal arborization in stratum lacunosum-moleculare (gray area, I-m). Somatodendritic arborization in red, axon in black. B,
Corresponding postsynaptic currents recorded from the interneurons in 4 after the delivery of light flashes (blue traces) to stratum lacunosum-moleculare. Three overlapping responses

are shown for every neuron.

0f9.7 = 2.1 ms, and half-widths 0of 63.9 =
9.9 ms (n = 9 cells). These results were
consistent with the well known voltage-
dependent block of NMDA receptors by
extracellular magnesium (Mayer et al,
1984; Nowak et al., 1984). Responses re-
corded at hyperpolarized potentials were
blocked by the AMPA receptor-specific
antagonist NBQX (20 um). Bath applica-
tion of the antagonist reduced the peak
amplitude from 40 * 14 pA in control to
5 % 2 pA in the presence of the drug (p =
0.004, Wilcoxon matched-pairs signed-
rank test; n = 9 cells). In contrast, when
the holding potential was fixed at +60
mV, responses were blocked by the
NMDA receptor antagonist D-AP5 (50
uM). Addition of D-AP5 reduced the am-
plitude of the postsynaptic current from a
control value of 110 * 38 to 14 = 10 pA
(p = 0.031, Wilcoxon matched-pairs
signed-rank test; n = 6 cells).

The most parsimonious explanation
for these results is that the AMPA/NMDA
receptor-mediated currents in interneu-
rons reflect the binding of glutamate re-
leased by Cajal-Retzius cells following
their optogenetically triggered firing.

We decided to corroborate this inter-
pretation by taking advantage of the ex-
pression of the chemokine (C-X-C motif)
receptor 4 (CXCR4) in Cajal-Retzius cells
(Stumm et al., 2002, 2003). CXCR4 acti-
vation hyperpolarizes Cajal-Retzius cells
(Marchionni et al., 2010) via BK-type po-
tassium channels (Marchionni et al.,
2012). The CXCR4 receptor agonist, the
chemokine CXCL12, would be predicted
to reduce the number of spikes produced
in Cajal-Retzius cells during optogenetic
stimulation. This reduction in presynap-
tic activity would be also expected to
reduce the amplitude of postsynaptic cur-
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Figure 4.  Optogenetic stimulation of Cajal-Retzius cells activates target interneurons via AMPA and NMDA glutamate recep-

tors. A, Different holding potentials (V,, = —60 and +60 mV) reveals the presence of kinetically distinct synaptic responses to
flashes of blue light. Three sweeps are shown for each holding potential. B, Summary plots showing the peak amplitude and kinetic
properties (rt, 20 — 80% rise time; hw, half-width) of synaptic responses recorded in interneurons at hyperpolarized (— 60 mV) and
depolarized (+60 mV) holding potentials. Points joined by lines are data from individual experiments, whereas averages and SE
are indicated by empty circles and bars, respectively. ¢, NBQX (20 pm) blocks responses recorded at —60 mV. Top, Postsynaptic
currents before and after application of the drug (four sweeps superimposed for every condition). Bottom, Summary plot of the
time course of the effect of NBQX application (black bar) on the normalized amplitude of the light-evoked postsynaptic current
(norm peak). D, Similar to €, but for the p-AP5 sensitivity of responses recorded at +60 mV.
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Figure 5.  Activation of the CXCR4 receptor has parallel effects on optogenetically triggered excitability of Cajal-Retzius cells and optogenetically evoked postsynaptic responses in stratum
lacunosum-moleculare interneurons. 4, Bath application of CXCL12 (50 nm) either reduces the number of light-triggered action potentials (r1, example recording 1) or delays (2, example recording
2) firing of Cajal-Retzius cells. Top, Insets, The distinct effects are shown by four overlapped sweeps in control and in the presence of CXCL12. The vertical dashed blue lines are for temporal reference.
Notice that in the presence of CXCL12 (black bar) the latency of the firing increases in r2. Bottom, Summary graph (empty circles, mean; bars, SE) of the time course of the effect of CXCL12 application
on light-evoked spikes in Cajal-Retzius cells (norm APs, normalized number of action potentials). B, Similar to A, but the analysis is performed on synaptic responses recorded from stratum
lacunosum-moleculare interneurons. Notice in the top panels either the abolishment of the synaptic response (r1, example recording 1) or the delay of its onset (r2, example recording
2). The vertical dashed blue lines are for temporal reference. Bottom, Summary plot of the time course of the normalized peak amplitude (norm peak) of the postsynaptic response during
(XCL12 application (black bar).
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Figure 6.  Cajal-Retzius cells contact CA1 pyramidal cells via AMPA and NMDA glutamate receptors. A, Anatomical reconstruction of a CA1 pyramidal cell in which a postsynaptic response with a
p-AP5-sensitive component was recorded following light stimulation [gray, stratum lacunosum-moleculare (I-m)]. B, Top, Postsynaptic responses recorded at i, = —60 mV in control conditions
and after the addition of NBQX (20 um). Three sweeps are superimposed for each condition. Bottom, Summary plot (empty circles, mean; bars, SE) of the time course of the effect of NBQX application
(black bar) on the postsynaptic responses (norm peak, normalized peak). , Top, Postsynaptic responses (three sweeps superimposed) recorded at V,, = —30 mV before and after the application
of 0-AP5 (50 um). Averaged traces in the two conditions (black trace, control; gray trace, p-AP5) are superimposed after scaling. Bottom, Summary graphs of the effect of 0-AP5 on the normalized
amplitude (left, norm peak, empty circles are individual experiments) and the half-width (right, empty squares are individual experiments) of the postsynaptic responses.

rents recorded from stratum lacunosum-moleculare interneu- First, we verified that CXCL12 application reduced the num-
rons, which do not express the CXCR4 receptor at the  ber of optogenetically triggered spikes in Cajal-Retzius cells re-
developmental stages used in our study (Stumm et al., 2002,2003; ~ corded under cell-attached configuration (Fig. 5). As expected,
Marchionni et al., 2010) in contrast to pyramidal cells (Shepherd ~ the average number of action potentials generated by the light
etal., 2012) and granule cells (Kolodziej et al., 2008). flash decreased from 1.2 £ 0.2 in control to 0.7 = 0.2 in the
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presence of CXCL12 (p = 0.034, Wil- A
coxon matched-pairs signed-rank test;
n = 9 cells). Similarly, application of the
chemokine decreased the amplitude of the
postsynaptic currents recorded on stra-
tum lacunosum-moleculare interneurons
(Fig. 5) from 101 = 23 pA in control con-
ditions to 39 £ 10 pA after its addition to
the external solution (p = 0.001, Wil-
coxon matched-pairs signed-rank test;
n = 12 cells). Because, as mentioned be-
fore, stratum lacunosum-moleculare in-
terneurons do not express the CXCR4
receptor, we take this experiment as direct
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blue light

interneurons pyramidal cells

evidence that light-induced responses re-
corded on interneurons are originated by
Cajal-Retzius cells.

Thus, together, our data show that
Cajal-Retzius cells form AMPA/NMDA

O

latency (ms)

receptor-based excitatory synapses on
stratum lacunosum-moleculare interneu-
rons and support previous suggestions of
a glutamatergic phenotype (del Rio et al.,
1995; Hevner et al., 2003; Ina et al., 2007).

While we could reliably reveal synaptic

cumulative p

currents in interneurons, responses in py-
ramidal cells were apparently rarer, and
we could observe them only in 14% of the
cases examined (from a sample of 149
cells). When responses were present, they
showed similar pharmacological proper-
ties to the ones previously described in in-
terneurons (Fig. 6). When pyramidal cells
were held at hyperpolarized potentials
(—60 mV) synaptic currents were sensi-
tive to NBQX. The amplitude of postsyn-
aptic currents was 37 *£ 10 pA in control conditions when
compared with 3 = 2 pA in the presence of the drug (p = 0.031,
Wilcoxon matched-pairs signed-rank test; n = 6 cells). At more
depolarized holding potentials (—30 mV), a NMDA receptor-
mediated component was also revealed by bath application of
D-AP5. In the presence of the drug, synaptic responses had both
reduced peak amplitudes (22 = 8 pA in D-AP5 vs 58 * 21 pA in
control; p = 0.031, Wilcoxon matched-pairs signed-rank test; n = 6
cells) and half-widths (9.6 = 2.7 ms in D-AP5 vs 32.6 = 7.3 ms in
control; p = 0.019, Mann—Whitney test; n = 6 cells in control and
n = 4 in D-AP5; in two neurons, responses in D-AP5 were too
small to measure kinetics).

The apparent low degree of connectivity between Cajal-
Retzius cells and pyramidal neurons may reflect either an actual
targeting bias of Cajal-Retzius cells for interneurons or be the
result of the limitations of the stimulation and recording tech-
niques used. In fact, while, in the case of interneurons, the light
flashes were delivered to stratum lacunosum-moleculare using
the soma of the recorded cell as a reference for the positioning of
the objective, in the case of pyramidal cells, the dendrites of the
neuron under study were not visible. Therefore, the positioning
of the objective was likely to be less accurate with respect to post-
synaptic dendrites. Additionally, given the location of the synap-
tic input to distal dendrites in stratum lacunosum-moleculare, it
is also possible that some responses in pyramidal cells were atten-
uated below detection levels. This would further contribute to the

Figure 7.

and half-widths.

rise time (ms)

half width (ms)

Comparison of the basic electrophysiological properties of postsynaptic currents recorded in interneurons and pyra-
midal cells. A, Normalized averaged traces of synaptic responses recorded in an interneuron of stratum lacunosum-moleculare
(black line) and in CAT pyramidal cells (gray line). Notice the different kinetics of the two responses. B, Cumulative probability
distribution plot of the latencies of the responses from the beginning of the light flash (black, interneurons; gray, pyramidal cells).
Notice the striking similarity of the two curves. (~E, Cumulative probability distribution plots of the peak amplitude, rise time, and
half-width of the light-evoked responses. Notice the largely different kinetics, with interneurons showing much faster rise times

apparent low percentage of pyramidal cells responding to light
flashes.

A general comparison of the basic properties of postsynaptic
currents recorded in interneurons (n = 28) and pyramidal cells
(n = 21) showed (Fig. 7) the following: indistinguishable distri-
butions of the latencies (from the beginning of the light flash:
6.9 = 0.5 ms in interneurons vs 6.9 = 0.5 ms in pyramidal cells;
p = 0.986, Kolmogorov—Smirnov test); nonstatistically different
peak amplitudes (55 = 7 pA in interneurons vs 38 = 5 pA in
pyramidal cells; p = 0.168, Kolmogorov—Smirnov test); and very
different kinetic parameters. Rise times were 0.6 = 0.1 ms in
interneurons compared with 3.4 * 0.4 ms in pyramidal cells (p <
0.0001, Kolmogorov—Smirnov test), and half-widths were 3.4 =
0.5 ms in interneurons compared with 13.8 = 1.0 ms in pyrami-
dal cells (p < 0.0001, Kolmogorov—Smirnov test).

Together, these data further strengthen a simple interpreta-
tion of neurotransmitter release by the same presynaptic neurons
(i.e., Cajal-Retzius cells), both onto stratum lacunosum-
moleculare interneurons and onto the distal dendrites of pyrami-
dal cells. The slower kinetics of responses observed in pyramidal
cells are consistent with the dendritic filtering associated with
distally generated inputs (Maccaferri et al., 2000), whereas the
faster kinetics observed in interneurons suggest synaptic re-
sponses originated closer to the somatic recording site (Fig. 3).
Furthermore, these data are also consistent with optogenetic
stimulation triggering firing in Cajal-Retzius cells after ~5 ms
from the beginning of the light flash (Fig. 2), and the later appear-
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Figure 8.  Developmental profile of the probability of finding light-evoked responses in in-
terneurons (black empty circles) versus pyramidal cells (gray empty circles). 4, Summary plot of
the probability of obtaining a response ( p response) and linear fits, weighted according to the
number of cells tested at each postnatal age. B, Bar plot of the number of interneurons/pyra-
midal cells (black empty bars/gray empty bars) tested to estimate the probability of obtaining a
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Are responses recorded on interneurons and pyramidal cells
action potential dependent and monosynaptic?
The proposed simple interpretation of the nature of the postsyn-
aptic currents recorded in interneurons and pyramidal cells, as
both originated by Cajal-Retzius cells, is appealing and is sup-
ported by several of the results reported above. However, as
shown in Figure 1, the expression of ChR in the animal used for
our experiments is not limited exclusively to Cajal-Retzius cells.
Therefore, we performed additional recordings to rule out the
possibility that the observed responses were due to the activation
of a polysynaptic circuit. We decided to exclude this possibility by
attempting to rescue postsynaptic currents in the presence of
TTX by adding the potassium channel blocker 4-AP, similarly to
what originally reported by Petreanu et al. (2009). Under these
latter conditions, observed responses are interpreted as deriving
from the light-induced depolarization of presynaptic termi-
nals in the absence of axonal propagation of action potentials,
and hence are incompatible with polysynaptic transmission.
First, we verified that bath application of TTX (500 nm) could
abolish responses both in interneurons and pyramidal cells. As
shown in Figure 9, TTX application re-
duced responses recorded from interneu-
rons from 33 £ 6 pAin control to 5 = 1 pA
in the presence of the drug (p = 0.004, Wil-
coxon matched-pairs signed-rank test; n =

| ctrl

TTX
ity poapsimnr i dpmscnsmpeadi
W S0pA | 5ms

Figure9. Optogenetically evoked postsynaptic currentsin interneurons and pyramidal cells are action potential-dependent. 4,
Response recorded in interneurons before [control (ctrl)] and after the addition of TTX (500 nm). Four sweeps were superimposed

in both conditions. B, Asin 4, but data are from a pyramidal cell recording.

ance of monosynaptic currents after a delay from the peak of the
action potential of ~2 ms (latency from light flash, ~7 ms). It
also should be pointed out that, because of the very distal location
of the input on pyramidal cells, amplitudes of light-evoked cur-
rents in these neurons are likely to be much more attenuated than
the ones reported for interneurons.

When we took into account the postnatal age of the animal used
to prepare the slices (Fig. 8), we found that, while the probability of
finding responses in interneurons (n = 95 cells examined) was
strongly age dependent, this was not the case for pyramidal neurons
(n = 149 cells examined). This is consistent with the reported pres-
ence of growth cones on postnatal Cajal-Retzius cells (Anstotz et al.,
2013), which indicates that their axonal targeting of postsynaptic
neurons is still being refined postnatally, and with previous work
showing that not all Cajal-Retzius cell terminals are facing postsyn-
aptic structures (Marchionni et al., 2010).

Also, this observation suggests that signaling of Cajal-Retzius
cells is endowed with postsynaptic target cell specificity, and that
the mechanisms and/or the functional properties of the terminals
releasing glutamate that activate postsynaptic receptors on in-
terneurons and pyramidal cells may be different.

9). Similarly, in pyramidal cells, currents
were decreased from 48 = 16 to 5 = 1 pA
following TTX application (p = 0.016, Wil-
coxon matched-pairs signed-rank test;
n=o6).

Thus, these results confirmed the sup-
posed TTX sensitivity of the responses,
which is a precondition required to study
the effects of the combined application of
TTX and 4-AP. Also, these data indicate
that light-evoked currents are generated
by action potential-dependent neu-
rotransmitter release and not by calcium
influx into the terminals via ChR.

Next, as shown in Figure 10, we veri-
fied that in the presence of both drugs
(TTX, 1 um; 4-AP, 1 mM) no action potential was recorded in
Cajal-Retzius cells. As expected, the number of action potentials
recorded in response to a flash of light in Cajal-Retzius cells was
1.5 * 0.2 in control conditions versus 0.0 = 0.0 in the presence of
the drugs (p = 0.021, Wilcoxon matched-pairs signed-rank test;
n = 7 neurons).

When we monitored the effects of the combined application
of TTX and 4-AP on responses recorded from interneurons (Fig.
10), we noticed that, despite an initial decline, the amplitude of the
light-induced current returned to control levels (273 % 50 pA in the
absence of the drugs compared with 219 * 44 pA in the presence of
TTX and 4-AP (p = 0.151, Wilcoxon matched-pairs signed-rank
test; n = 12 cells). In contrast, when the same experiment was per-
formed on pyramidal cells (Fig. 10), perfusion of an external solution
containing TTX and 4-AP resulted in the complete abolishment of
the light-induced response (51 = 11 pAin control vs 1 = 2 pAin the
presence of the drugs; p = 0.016; n = 7 neurons). These results
confirmed that light-induced currents recorded on interneurons are
generated by monosynaptic transmission and suggest that responses
observed on pyramidal cells are either the result of the activation of a
polysynaptic circuit or are generated by terminals with different
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Figure10.  Effects of combined application of TTX (1 p) and 4-AP (1 mu) on light-evoked action potential in Cajal-Retzius cells, and light-evoked synaptic currentsin interneurons and pyramidal
cells. A, Top, Light-evoked action potentials in Cajal-Retzius cells are prevented by adding TTX and 4-AP (black bar) to the external solution (four sweeps superimposed in both conditions). Bottom,
Summary plot showing the time course of the effect (norm APs, normalized number of action potentials; empty circles and bars, mean and SE). B, Top, Light-evoked synaptic currents in interneurons
are not aholished by the combined application of TTX and 4-AP. Notice however, the increased latency of the light-evoked events (dotted blue line indicates the beginning of the light flash for
reference). Four responses superimposed in both condition. Bottom, Summary graph form several experiments (norm peak, normalized peak of the synaptic response). , As in B; however, notice
that the application of TTX and 4-AP completely abolishes responses in pyramidal neurons.
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Figure 11.  Effects of suppressing fast GABAergic inhibition on light-evoked responses in pyramidal cells. 4, Top, Traces from a nonresponsive pyramidal cell in control conditions and in the
presence of gabazine (gbz; 12.5 um). Notice that gabazine application does not reveal latent polysynaptic pathway. The gray line shows the time window used to measure the peak current following
the light flash. Four sweeps were superimposed in both condition. Bottom, Summary plot from 9 of 10 pyramidal neurons that did not produce light-evoked currents either in the control condition
or after the addition of gabazine (empty circles, mean; bars, SE). B, Sweeps from the single experiment where gabazine application unmasked latent polysynaptic pathways. Top, Four traces
superimposed in control conditions. Bottom, Four records in the presence of gabazine. Notice the long latency from the beginning of the light flash (dotted blue lines for reference), which is
incompatible with the much shorter latencies usually recorded in light-responsive pyramidal cells (compare Fig. 7). C, Top, Light-evoked responses in pyramidal cells in control conditions and after
the addition of gabazine. Four sweeps were superimposed in both condition. Notice that responses are unchanged by the addition of the drug. Bottom, Summary graph for all the responsive cells
tested (norm peak, normalized peak of the synaptic response; empty circles and bars, mean and SE, respectively). The mice used for these experiments (n = 3) were selected at a postnatal stage
associated with GABA, receptor-mediated inhibition in hippocampal pyramidal neurons (P15, P17, and P18; see Banke and McBain, 2006).

properties, which prevent a sufficient activation by light flashes even
in the presence of TTX and 4-AP.

The functional emergence of polysynaptic circuits is classi-
cally regulated by fast GABAergic inhibition (Miles and Wong,
1987). Therefore, if responses recorded on pyramidal cells were
due to polysynaptic circuits, we predicted that application of a
GABA , receptor antagonist would either reveal responses in py-
ramidal neurons originally silent to light stimulation and/or
strengthen the observed responses in pyramidal cells already sen-
sitive to light stimulation (Fig. 11). Application of gabazine (12.5
uM) did not unmask latent polysynaptic responses in 9 of 10
recordings. The peak current measured in control conditions was
0 = 0 pAversus —2 = 3 pA in the presence of the antagonist (p =
0.910, Wilcoxon matched-pairs signed-rank test; n = 9 cells).
Interestingly, in the only recording revealing the appearance of
polysynaptic transmission, the latency of the unmasked response
was longer than 40 ms, which appears incompatible with the
latency values measured in responsive cells under control condi-

tions (~7 ms; Fig. 7). Last, gabazine did not alter the amplitude of
responses in pyramidal cells that were sensitive to light stimula-
tion (9 = 1 pA in control vs 8 = 1 pA in gabazine; p = 0.313,
Wilcoxon matched-pairs signed-rank test; # = 6 neurons).

Thus, our overall results converge in indicating that re-
sponses observed in interneurons are generated by monosyn-
aptic connections originated from Cajal-Retzius cells.
However, despite the failure of the TTX plus 4-AP test, it is
also unlikely that responses recorded on pyramidal neurons
are the result of polysynaptic activation, and we favor the
hypothesis that they are generated by monosynaptic mecha-
nisms (albeit different from the ones generating responses in
interneurons; see Discussion).

In principle, monosynaptic responses could also be generated
by direct light activation of long-range glutamatergic axons tar-
geting stratum lacunosum-moleculare that do not belong to
Cajal-Retzius cells. This layer, in particular, is mostly targeted by
layer II/III pyramidal neurons of the entorhinal cortex (Steward
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PA; n = 33 neurons). Together, our results
indicate that, under our experimental
conditions, entorhinal neurons are not
the source of optogenetically triggered
monosynaptic input to hippocampal stra-
tum lacunosum-moleculare interneurons
and pyramidal cells, and reinforce our in-
terpretation that light-induced responses
are the direct result of neurotransmitters
released by Cajal-Retzius cells.

To our knowledge, beyond the main

glutamatergic input originating from the

entorhinal cortex neurons

CR EC entorhinal cortex, stratum lacunosum-

moleculare receives only additional excita-
tion from the thalamic midline nuclei

N N e — (reuniens and rhomboid; for review, see
" | - ‘ s o Cassel et al., 2013). However, both nuclei
P_Lﬁp A |10 ms ! T have been reported to be only sparsely pop-
ulated by Wnt3a derivatives (Louvi et al.,
s N 2007), and no thalamic expression of
g 051 CXCR4 mRNA at the postnatal stages used
2 ' in our study has been reported (Tissir et al.,
3 0 2004). Therefore, we think that, under our
0 5'0 160 1é0 6 5'0 1(')0 15'-,0 0 50 100 150 experimental conditions, contamination
peak (pA) peak (pA) peak (pA) from thalamic responses is unlikely.
Figure 12. Lack of direct light-evoked firing and of ChR expression in entorhinal cortex neurons. A, Inmunocytochemistry A novel hippocampal feedforward

showing EYFP labeling of layer | in the entorhinal cortex, but no clearly labeled neurons in the deeper layers. B, €, Enlargements of
the areas marked by an asterisk in A for the lateral and medial entorhinal cortices, respectively. Notice the typical morphology of
(ajal-Retzius cells and the staining associated with layer |. D, Comparison of the response to light in hippocampal Cajal-Retzius
neurons (left) versus layer II/1l entorhinal cortex cells (middle) in cell-attached conditions. Notice the reliable firing reflected by
action currents in Cajal-Retzius cells and the lack of light-induced effects in entorhinal cortex neurons. Four sweeps superimposed
in both cases. Right, The percentage of cells responding to light with firing in the two different samples. (R, Cajal-Retzius cells; EC,
entorhinal cortex neurons. Notice that entorhinal cortex neurons do not fire under these experimental conditions. £, ChR-mediated currents
in hippocampal Cajal-Retzius cells (left), and layer II/lll entorhinal cortex neurons (middle and right). A short flash of light (1 ms) produces
significant currents in Cajal-Retzius cells, as shown by the recording (four traces superimposed, top) and by the cumulative distribution plot
for several experiments (bottom). In contrast, light flashes either of the same (1 ms; middle) or of longer duration (5 ms; right) do not
produce significant currents in entorhinal neurons. Top, Four traces superimposed showing the response of entorhinal cortex neurons to 1
and 5 ms flashes. Bottom, Summary plots for the two conditions (the distribution of the photocurrents in Cajal-Retzius cellsis also shownin

gray for comparison).

and Scoville, 1976; Kitamura et al., 2014). Although these cells are
not derivatives of the Wnt3a lineage (Louvi et al., 2007) and did
not show any significant EYFP labeling (Fig. 12), we decided to
exclude their potential involvement in our results by ruling out
that light flashes might directly trigger their firing.

After blocking synaptic transmission with Cd** (200 pum), we
delivered 5-ms-long light flashes at maximal intensity to hip-
pocampal Cajal-Retzius cells (Fig. 12). All cells responded by
generating action currents in cell-attached conditions (n = 10
cells). In contrast, when identical recordings were performed
from neurons located in layer II/III of the entorhinal cortex, fir-
ing was never observed (n = 15 neurons; p < 0.0001, Fisher’s
exact test). In addition, we compared the functional expression of
ChR in hippocampal Cajal-Retzius cells versus entorhinal neu-
rons by taking advantage of voltage-clamp recordings (V,, = —60
mV; Fig. 12). After blocking synaptic transmission with TTX (500
nM), a 1-ms-long pulse of blue light delivered onto Cajal-Retzius
cells at maximal intensity evoked currents with an amplitude of
58 = 4 pA (n = 20), which compared with 4 = 0 pA under
identical conditions in principal neurons of the entorhinal cortex
neurons (p < 0.0001, Mann—Whitney test; n = 34). Even increasing
the duration of the flash to 5 ms generated minimal currents (6 + 0

GABAergic circuit driven by
Cajal-Retzius cells

Thus, if Cajal-Retzius cells can excite both
interneurons and pyramidal cells, we pre-
dicted that suprathreshold EPSPs in
interneurons could drive disynaptic
GABAergic input onto pyramidal cells
(Fig. 13). When we recorded from pyra-
midal cells, under experimental condi-
tions designed to highlight GABAergic
inputs [using either chloride-loaded pi-
pettes and hyperpolarized holding poten-
tials (V, = —60 mV) or electrodes with
low chloride content and depolarized
holding potentials (V}, = 0 mV); for further details, see Materials
and Methods and the legend of Fig. 13], we could detect synaptic
responses with long latencies (12.7 = 0.9 ms from the beginning
of the light flash; n = 8). Keeping in consideration that optoge-
netic activation of Cajal-Retzius cells takes ~5 ms (from the be-
ginning of the light flash to action potential peak; see Fig. 2), and
that the beginning of glutamatergic postsynaptic currents in in-
terneurons and pyramidal cells occurs after an ~2 ms synaptic
delay (~7 ms from the beginning of the light flash; Fig. 7), the
long synaptic latency observed here (~8 ms from action potential
peak and ~13 ms from the beginning of the light flash) seemed
incompatible with a monosynaptic response. In fact, it did
strongly suggest to us the possibility of a Cajal-Retzius cell-driven
polysynaptic circuit.

Therefore, we tested the possibility that optogenetically trig-
gered responses in interneurons could reach firing threshold and
generate a disynaptic feedforward GABAergic input of pyramidal
neurons. This input would be predicted to be abolished both by
GABA, and AMPA receptor antagonists (Fig. 13).

We began by testing the sensitivity of these long-latency cur-
rents to the GABA , receptor antagonist gabazine. The calculated
conductance of these responses was 3.3 * 1.1 nS in control vs
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0.1 = 0.2 nS in the presence of the drug
(12.5 uM; p = 0.031, Wilcoxon matched-
pairs signed-rank test; n = 6). In a second
set of experiments, we verified that long-
latency currents were also decreased by
the AMPA receptor blocker NBQX. We
measured a conductance of3.8 £ 0.9nSin
control conditions, which compared with
avalueof 0.1 = 0.1 nS after the addition of
NBQX (20 uMm; p = 0.031, Wilcoxon
matched pairs signed rank test; n = 6). B
Thus, both the latency measured and |
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| blue light

20 mV |50 ms

the pharmacological sensitivity of the re-
corded currents confirm the presence of a
novel feedforward network in the devel-
oping hippocampus, which is driven by
Cajal-Retzius cells.

& V,=0 mvV

control
100 pA | 50 ms

gbz =

Discussion
Our major conclusions are as follows: (1) C I

Cajal-Retzius cells are excitatory neurons
activating both AMPA- and NMDA-type
glutamate receptors; (2) Cajal-Retzius cells
impact both GABAergic interneurons and
pyramidal cells; and (3) Cajal-Retzius cells
activate a newly defined feedforward
GABAergic circuit in pyramidal neurons.

Overall, our data indicate that Cajal-
Retzius cells form a novel glutamatergic
microcircuit (Fig. 14).

control

NBQX

Figure 13.

200
50
A ms

control

NBQX

V,=0 mV

’Q\Dﬁ’—-—-‘hﬁ&h“b‘. =

(ajal-Retzius cells drive feedforward GABAergic input to pyramidal cells. A, Example of an interneuron firing

following blue light stimulation. Anatomical reconstruction (left); gray area labels stratum lacunosum-moleculare. Red, Somato-

Cajal-Retzius cells in the

hippocampal network

Cajal-Retzius cells originate from multi-
ple sites at the borders of the developing
pallium and are distinguished by molecu-
lar markers defining their lineage (Bielle
et al., 2005; Griveau et al., 2010). For ex-
ample, Cajal-Retzius cells derived from the cortical hem origi-
nate from Wnt3a-expressing precursors (Louvi et al., 2007),
and the Wnt3a-IRES-Cre mouse has been already shown to be
a valuable tool for their manipulation (Gil-Sanz et al., 2013).
We took advantage of optogenetic techniques to explore the
significance of a synapse that had not been studied by electro-
physiological means before. Our data show that Cajal-Retzius
cells may play a dual role. On the one hand, they activate
glutamate receptors on pyramidal cells, but, on the other
hand, their connectivity to GABAergic interneurons may re-
sult in feedforward GABAergic input. While the impact of
their monosynaptic output would be predicted to be always
excitatory, because it depends on AMPA- and NMDA-type
glutamate receptors, the role of Cajal-Retzius cell-driven
GABAergic output may be more complex.

First, while synaptically released GABA usually results in
inhibitory effects in the adult brain (but for a more precise defi-
nition of GABAergic inhibition, see Bernard et al., 2000), its phys-
iological roles during development are more variable, when both
excitation and inhibition have been reported, depending on the
specific postnatal ages and regions examined (Rivera et al., 1999;
Glykys et al., 2009). Another important aspect that needs to be
considered is that, during trains of action potentials, the recipro-
cal relationships between the short-term dynamics of monosynaptic
glutamatergic excitation and feedforward inhibition will be the

superimposed).

dendritic arborization; black, axon. Right, Action potentials triggered by light stimulation (five sweeps superimposed). B, Light-
evoked long-latency currents recorded in pyramidal cells with high (135 mw; left, V, = —60mV) or low intracellular [CI ~1(10 mu;
right, V,, = 0 mV) pipette solutions (four sweeps superimposed). Notice that these long-latency responses are fully abolished by
gabazine (gbz; 12.5 um). €, GABAergic long-latency currents evoked by light flashes are the result of a feedforward circuit and are
sensitive to NBQX (20 wm; Vi, = 0 mV). Two examples are shown in the left and right panels, respectively (four sweeps

final determinant of the overall effects of Cajal-Retzius cells. For
example, a frequency-dependent switch from inhibition to exci-
tation was reported in the CA3 hippocampus following activa-
tion of the mossy fiber synapse, due to the coupling of a direct
mossy fiber—pyramidal neuron synapse with strong short-term
facilitation, with feedforward GABAergic output characterized
by strong short-term depression (Mori et al., 2004; see also Tor-
borg et al., 2010). Our work shows that Cajal-Retzius cells excite
neurogliaform cells of stratum lacunosum-moleculare, whose
output to target neurons is strongly modulated by short-term
depression (Karayannis et al., 2010). Therefore, this would pre-
dict the progressive reduction of Cajal-Retzius cells-driven feed-
forward GABAergic input following prolonged firing. Thus,
network states such as theta oscillations, which generate rhyth-
mic firing in neurogliaform and O-LM interneurons (Klaus-
berger et al., 2003; Fuentealba et al., 2010; Varga et al., 2012),
would be expected to be associated with a stronger GABAergic
input to pyramidal cell distal dendrites originated by O-LM cells,
which are less sensitive to short-term depression than neuroglia-
form cells (Maccaferri et al., 2000; Losonczy et al., 2002). At the
same time, O-LM cell-dependent GABAergic input to Cajal-
Retzius cell would be expected to generate excitation and firing of
these latter neurons via depolarizing GABAergic signaling (Quat-
trocolo and Maccaferri, 2013), and lead to enhanced glutamate
release on the distal dendrites of pyramidal cells during a network
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Figure 14.

Cajal-Retzius cells within the hippocampal circuit. We identified Cajal-Retzius cells (C-R) as a novel source of
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(Maccaferri et al., 1998; Reyes et al.,
1998). Another possibility is that re-
sponses observed on pyramidal cells are
actually the result of glutamate spillover
from synchronous activation of many
terminals lacking postsynaptic targets
(Marchionni et al., 2010). Although
glutamate spillover is most usually asso-
ciated with activation of NMDA recep-
tors, several reports have shown that it
may also reach concentrations sufficient
to activate AMPA receptors (Carter and
Regehr, 2000; DiGregorio et al., 2002;
Szapiro and Barbour, 2007). This mech-
anism might require a high degree of
release synchronicity from many termi-
nals, which may be provided by fast sig-
nals such as physiological action
potentials and be disrupted in their ab-
sence. This possibility would also ex-
plain why responses in pyramidal cells
were not found as frequently as in in-
terneurons and had a different develop-
mental regulation.

What could be the computational role
of Cajal-Retzius cell glutamatergic signal-

glutamatergic inputs for neurogliaform cells (NG; synapse indicated by 1) and pyramidal cells (P; synapse indicated by 2;
but notice that the possibility that different types of Cajal-Retzius cells target either interneurons or pyramidal cells cannot
be excluded; also, please see Discussion for the possibility of spillover). In addition, Cajal-Retzius cells, through the
modulation of the interneurons activity, are able to drive a powerful disynapticinhibition on pyramidal cells (synapse 3; for
areview of the neurogliaform-pyramidal cells connection, see Capogna and Pearce, 2011). Data in the literature show that
neurogliaform cells activity can be modulated by inputs from 0-LM cells (synapse 4; Elfant et al., 2008), which also provides
GABAergic inhibitory inputs to pyramidal cells (synapse indicated by 5; Maccaferri et al., 2000) and GABAergic excitatory
inputs to Cajal-Retzius cells (synapse indicated by 6; Quattrocolo and Maccaferri, 2013). 0-LM cells create a feedback
inhibitory loop with pyramidal cells, which are their main source of excitatory inputs (synapse indicated by 7; Ali and
Thomson, 1998; Losonczy et al., 2002). The activity of Cajal-Retzius cells can also be modulated by GABAergic inputs from
neurogliaform cells (synapse indicated by 8; Quattrocolo and Maccaferri, 2013), whose final effect depends on the level of
polarization of the membrane of Cajal-Retzius cells. L-M, stratum lacunosum-moleculare; R, Stratum radiatum; P, stratum

ing? Because of their calcium permeability
(MacDermott et al., 1986), NMDA recep-
tors have been associated with various
forms of synaptic plasticity such as long-
term potentiation and long-term depres-
sion (Liischer and Malenka, 2012). This
suggests the possibility that Cajal-Retzius
cell-dependent signaling may be in in-
volved in the dynamic regulation of
synaptic weights in the stratum lacunosum-
moleculare microcircuit.

pyramidale; O, stratum oriens; A, alveus.

state usually associated with enhanced synaptic plasticity (Huerta
and Lisman, 1993).

Presynaptic and postsynaptic receptor mechanisms involved
in Cajal-Retzius cell signaling

Our experimental results show that Cajal-Retzius cells activate
glutamate receptors both on interneurons and pyramidal cells.
However, different mechanisms are likely to be involved. In fact,
in contrast to light-induced responses observed on interneurons,
which passed the TTX/4-AP test for monosynaptic transmission,
this was not the case for currents recorded on pyramidal cells.
However, responses on pyramidal cells also failed the gabazine
test for polysynaptic transmission. Furthermore, in the single
case in which polysynaptic currents were revealed, their latency
was too long to be compatible with light-dependent responses
(which had identical latencies to monosynaptic responses re-
corded from interneurons). Several possibilities can be pro-
posed. First, Cajal-Retzius cell terminals contacting pyramidal
cells may express a different repertoire/density of voltage-
dependent conductances so that ChR activation in the presence
of 4-AP does not produce calcium influxes sufficient to over-
come blockade of sodium channels by TTX. This would not be
surprising, as target cell-specific properties of synaptic termi-
nals have already been described at various connections

We can imagine that coincident activ-
ity in Cajal-Retzius cells and in temporo-
ammonic afferents may act as an associative signal for NMDA
receptor-dependent plasticity such as insertion of AMPA recep-
tors in silent synapses (Durand et al., 1996), which are largely
present in immature cortical networks (Hanse et al., 2013). This
could occur following spontaneous action potentials in imma-
ture pyramidal cells (Spigelman et al., 1992; Shao and Dudek,
2009), which would activate Cajal-Retzius cells via a disynap-
tic pathway involving first the pyramidal-O-LM interneurons
synapse (Ali and Thomson, 1998) and then the O-LM-Cajal-
Retzius cell connection (Quattrocolo and Maccaferri, 2013).
Strengthening/maturation of temporoammonic synapses is
likely to be important for the increase in the number of hip-
pocampal neurons acquiring the properties of place cells and/or
for the refining of their spatial-dependent firing. Both of these
phenomena have been reported to occur during the first 2-3
postnatal weeks in rodents pups (Langston et al., 2010; Wills et
al., 2010), when Cajal-Retzius cells are still abundantly present in
the stratum lacunosum-moleculare microcircuit (Super et al.,
1998; Marchionni etal., 2010). In fact, it is important to note that,
in contrast to Cajal-Retzius cells of the neocortex, which decrease
in numbers until they disappear within the first 2 postnatal weeks
(Chowdhury etal., 2010), Cajal-Retzius cells of the hippocampus
persist for much longer and have been found occasionally even in
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adult animals of several species (Drakew et al., 1998; Super et al.,
1998; Abraham and Meyer, 2003; Abraham et al., 2004).

Cajal-Retzius cells, dendritic development, and

cellular migration

The synaptotrophic theory (Cline and Haas, 2008) postulates
that glutamate, acting on postsynaptic receptors, can have an
important impact on the maturation of the structural and func-
tional properties of growing dendrites. For example, glutamate
has been shown to promote dendritic growth and spine develop-
ment in several brain areas of different organisms (Vaughn et al.,
1988; Rajan and Cline, 1998; Portera-Cailliau et al., 2003; De
Marco Garcfa et al., 2011; Kwon and Sabatini, 2011). Could glu-
tamate released by Cajal-Retzius cells play such a role? Interest-
ingly, Cajal-Retzius cells have been reported to express selectively
vesicular glutamate transporter 2 (Yamazaki etal., 2004; Ina et al.,
2007). When this molecule was genetically ablated in the telen-
cephalon, and hence the glutamate-dependent functions of
Cajal-Retzius cells were likely eliminated, dendritic length and
spine density of hippocampal pyramidal neurons were reduced,
and deficits of synaptic transmission, plasticity, and spatial learn-
ing were observed (He et al., 2012).

Therefore, we propose that glutamate released by Cajal-
Retzius cells may be involved in the maturation of postsynaptic
elements of the stratum lacunosum-moleculare circuitry (i.e.,
distal dendrites of pyramidal cells and overall dendritic arbors of
local interneurons).

Furthermore, at early developmental stages, neurotransmit-
ters may act in a paracrine fashion and regulate neuronal migra-
tion (for review, see Manent and Represa, 2007). For example,
glutamate has been shown to regulate the migration of hip-
pocampal interneurons via AMPA receptors (Manent et al.,
2006), whereas modulation of pyramidal cell migration appears
to be controlled by GABA , and NMDA receptors (Manent et al.,
2005). Glutamate originating from hippocampal Cajal-Retzius
cells might play a pivotal role in orchestrating a coordinated and
balanced positioning of both cell types. Further investigation of
the hippocampal cellular architecture in mice with functionally
inactivated Cajal-Retzius cells will be required to explore this
issue.

Conclusions

Our work has unveiled a novel network, which could play signif-
icant roles in hippocampal development and integration. These
new findings will allow the design and testing of hypothesis-
driven experiments, providing further insights into hippocampal
physiological functions and, potentially, into unexplored mech-
anisms of disease.
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