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The presubiculum contains head direction cells that are crucial for spatial orientation. Here, we examined the connectivity and strengths
of thalamic inputs to presubicular layer 3 neurons projecting to the medial entorhinal cortex in the mouse. We recorded pairs of
projection neurons and interneurons while optogenetically stimulating afferent fibers from the anterior thalamic nuclei. Thalamic input
differentially affects presubicular neurons: layer 3 pyramidal neurons and fast-spiking parvalbumin-expressing interneurons are di-
rectly and monosynaptically activated, with depressing dynamics, whereas somatostatin-expressing interneurons are indirectly excited,
during repetitive anterior thalamic nuclei activity. This arrangement ensures that the thalamic excitation of layer 3 cells is often followed
by disynaptic inhibition. Feedforward inhibition is largely mediated by parvalbumin interneurons, which have a high probability of
connection to presubicular pyramidal cells, and it may enforce temporally precise head direction tuning during head turns. Our data
point to the potential contribution of presubicular microcircuits for fine-tuning thalamic head direction signals transmitted to medial
entorhinal cortex.
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Introduction
The presubiculum is part of the parahippocampal cortex, located
between the hippocampus and the entorhinal cortex (Amaral and

Witter, 1989; van Strien et al., 2009). It plays a fundamental role
in the perception of spatial orientation. Most presubicular neu-
rons of layer 3 and some in deeper layers signal head direction
(Boccara et al., 2010; Preston-Ferrer et al., 2016). These cells fire
persistently when the head of an animal is oriented in a specific
direction, and some presubicular head direction cells of layer 3
project to medial entorhinal cortex (MEC) (Tukker et al., 2015;
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Significance Statement

How microcircuits participate in shaping neural inputs is crucial to understanding information processing in the brain. Here, we
show how the presubiculum may process thalamic head directional information before transmitting it to the medial entorhinal
cortex. Synaptic inputs from the anterior thalamic nuclei excite layer 3 pyramidal cells and parvalbumin interneurons, which
mediate disynaptic feedforward inhibition. Somatostatin interneurons are excited indirectly. Presubicular circuits may switch
between two regimens depending on the angular velocity of head movements. During immobility, somatostatin-pyramidal cell
interactions could support maintained head directional firing with attractor-like dynamics. During rapid head turns, in contrast,
parvalbumin-mediated feedforward inhibition may act to tune the head direction signal transmitted to medial entorhinal cortex.

The Journal of Neuroscience, July 11, 2018 • 38(28):6411– 6425 • 6411



Preston-Ferrer et al., 2016). Presubicular fast-spiking interneurons
are modulated by angular velocity (Preston-Ferrer et al., 2016). Head
direction information originates subcortically, mostly from vestib-
ular inputs (Stackman and Taube, 1997; Bassett et al., 2007). The
anterior thalamic nucleus (ATN) relays these signals to the pre-
subiculum (van Groen and Wyss, 1990a,b, 1995; Taube, 2007;
Peyrache et al., 2015). Lesions of the anterior thalamus abolish
head direction firing and impair grid cell signals in parahip-
pocampal cortex (Goodridge and Taube, 1997; Winter et al.,
2015). In the presubiculum, thalamic head direction signals
(Taube, 1995) are integrated with visual information from visual
(Vogt and Miller, 1983) and retrosplenial cortices (van Groen
and Wyss, 1990a,c). Neurons of the ATN also contribute to spa-
tial firing of grid cells of MEC (McNaughton et al., 2006; Langs-
ton et al., 2010, Winter et al., 2015). The presubicular projection
may therefore transmit ATN-derived head direction signals to
the medial entorhinal grid cell system (Rowland et al., 2013;
Preston-Ferrer et al., 2016). However, it is unclear whether tha-
lamic axons contact presubicular cells that project to the MEC.

Recent work has revealed some properties of circuits involv-
ing presubicular principal cells and interneurons (Simonnet et
al., 2013; Nassar et al., 2015; Peng et al., 2017). Local interactions
between pyramidal cells (PCs) and somatostatin (SST)-expressing
Martinotti cells may help sustain firing in head direction cells (Si-
monnet et al., 2017). The role of fast-spiking parvalbumin (PV)-
positive interneurons in processing thalamic head directional
information remains to be clarified, however. Here we examine the
hypothesis that these interneurons mediate a feedforward inhibitory
control of head direction signals transmitted to the grid cell system.
We used electrophysiology, optogenetics, and retrograde labeling to
examine how presubicular PV cells and PCs process excitatory in-
puts from the ATN. Our data show that ATN axons directly contact
pyramidal MEC-projecting neurons and PV interneurons of layer 3.
PV interneurons mediate feedforward inhibition, and their recruit-
ment is strongest at the onset of ATN spiking.

Materials and Methods
Animals. Experiments were performed on male and female offspring of
male Pvalb-Cre mice (RRID:IMSR_JAX:008069) (Hippenmeyer et al.,
2005) or Sst-IRES-Cre mice (RRID:IMSR_JAX:013044) (Taniguchi et al.,
2011) crossed with the Ai14 Cre reporter line (RRID:IMSR_JAX:007914)
(Madisen et al., 2010). Cre-mediated recombination resulted in the ex-
pression of red fluorescent tdTomato labeling in Pvalb-Cre or SST-Cre neu-
rons. Wild-type Bl6 and Pvalb-Cre males were used for double injections.
Animal care and use conformed to the European Community Council Di-
rective of September 22, 2010 (2010/63/EU) and French law (87/848). Our
study was approved by the ethics committee Charles Darwin No. 5 and the
French Ministry for Research 01025.02.

Viral vectors. Viral vectors were injected to induce expression of chan-
nelrhodopsin and halorhodopsin. AAV2.hSyn.hChR2(H134R)-eYFP.
WPRE.hGH (Penn Vector Core, Addgene 26973P) with serotypes 5 or 9,
contained an enhanced ChR2-EYFP fusion gene, driven by a hSynapsin
promoter. We also used AAV1.EF1a.DIO.eNpHR3.0-eYFP.WPRE.Hgh
(Penn Vector Core, Addgene 26966), an adeno-associated virus (AAV)
serotype 1 carrying Cre-inducible halorhodopsin-3.0 (eNpHR3.0)-
enhanced yellow fluorescent protein (eYFP) transgene driven by EF1a
promoter for optogenetic inhibition. Viral vectors were stored in aliquots
at �80°C until use.

Stereotaxic surgery. Mice, of age 25–35 d, were anesthetized intraperi-
toneally with ketamine hydrochloride and xylazine (100 and 15 mg/kg,
respectively) and placed in a stereotaxic frame. Unilateral viral injections
were performed as described previously (Mathon et al., 2015). AAV in-
jections were targeted to ATN using coordinates from bregma of lateral,
0.75 mm; posterior, �0.82 mm; and depth, 3.2 mm. Injections were
made with a Hamilton syringe using a syringe Pump Controller (Harvard

Apparatus, Pump 11 elite) at 60 nl/min to deliver volumes of 150 –300 nl
hSyn-ChR2 AAV2/5 or AAV2/9 vectors. Leakage from an injection site
to surrounding tissue was minimized by withdrawing the pipette slowly
after a delay of 5 min. Maximal transgene expression occurred 2 weeks
after AVV2/9 and 3 weeks after AAV2/5 injection. Viral titers for AAV2/5
and AAV2/9 vectors were, respectively, 1.3 � 10 13 and 3.39 � 10 13 virus
particles/ml. Because light-evoked responses were similar for ChR2
expression by either AAV serotype, results were pooled. We also made
double injections of AAV in ATN and a retrograde tracer in MEC. Pre-
subicular projecting neurons were labeled retrogradely by red fluorescent
latex microspheres (Lumafluor; volume 300 nl) injected in the ipsilateral
MEC at coordinates from bregma for MEC of lateral, 3 mm; posterior,
�4.7 mm; and depth, 4 mm. Finally, we made double injections of AAV-
ChR2 in ATN and AAV-eNpHR3.0 in the presubiculum of Pvalb-Cre
mice to express halorhodpsin selectively in PV interneurons. AAV-EF1a-
DIO-eNpHR3.0-EYFP was injected (final volume 350 nl) in the pre-
subiculum at coordinates from bregma of lateral 2 mm; posterior �4.06
mm; and depth 2.15 mm. The viral titer was 1.09 � 13 particles/ml, and
5 weeks was needed for full expression.

Preparation of brain slices. Horizontal slices containing the hippocam-
pus, subicular complex, and entorhinal cortex were prepared 2–5 weeks
after virus and/or tracer injection. Animals were anesthetized with ket-
amine hydrochloride and xylazine (100 and 15 mg/kg, respectively).
They were perfused through the heart with a solution of 125 NaCl, 25
sucrose, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 D-glucose, 0.1 CaCl2, 7
MgCl2 (in mM) cooled to 4°C, and equilibrated with 5% CO2 in O2. The
brain was removed, and horizontal, 300-to 320-�m-thick sections cut in
the same solution with a vibratome (Leica VT1000S). They were stored
for at least 1 h at 22°C-25°C in a chamber filled with ACSF containing the
following (in mM): 124 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 2 CaCl2,
2 MgCl2, and 11 D-glucose, bubbled with 5% CO2 in O2, pH 7.3 (305–315
mOsm/L). Slices were then transferred to a recording chamber (volume
2–3 ml, temperature 33°C-35°C) mounted on a BX51WI microscope
(Olympus). Experiments were discontinued if transfection at the injec-
tion site was weak or if leakage had occurred. The dorsoventral level of
horizontal slices that were used for recordings ranged from dorsoventral
�2.6 to �3.6 mm with respect to bregma (Fig. 1-1, available at https://
doi.org/10.1523/JNEUROSCI.0014-18.2018.f1-1), corresponding to the
mid to dorsal portion of presubiculum (Paxinos and Franklin, 2013).

Whole-cell patch-clamp recordings. Recordings were made with glass
pipettes pulled using a Brown-Flaming electrode puller (Sutter Instru-
ments) from borosilicate glass of external diameter 1.5 mm (Clark
Capillary Glass, Harvard Apparatus). Electrodes were filled with a
solution containing the following (in mM): 135 K-gluconate, 1.2 KCl,
10 HEPES, 0.2 EGTA, 2 MgCl2, 4 MgATP, 0.4 Tris-GTP, 10 Na2-
phosphocreatine, and 2.7–7.1 biocytin. QX314 bromide (2 mM; Tocris
Bioscience), a blocker of voltage-activated Na � channels, was added
to the pipette solution when inhibitory (I) and excitatory (E) synaptic
currents were measured at depolarized holding potentials (see Fig. 3).
The pH of the pipette solution was adjusted to 7.3 with KOH, and the
osmolarity was 290 mOsm. Electrode resistance was 4 – 8 mOhm. Fluo-
rescent PV or SST cells were identified using LED illumination with
appropriate emission/excitation filters (OptoLED, Cairn Research) us-
ing a Luca CCD Camera (Andor). Whole-cell current-clamp recordings
were made using a MultiClamp 700B amplifier and pCLAMP software
(Molecular Devices). Membrane potential signals were filtered at 6 kHz
and digitized at 20 –50 kHz. An estimated junction potential of 15 mV
was not corrected. PCs were identified as nonfluorescent regular-spiking
neurons; PV- or SST-expressing interneurons were identified as red flu-
orescent cells in tissue from PvalbCre::tdTomato and Sst-Cre::tdTomato
mice, respectively. Neuronal electrical properties were measured from
hyperpolarizing and depolarizing step current injections and analyzed
with Axograph X and routines written in MATLAB, as previously (Nassar
et al., 2015) (Table 1). PV interneurons recorded from PvalbCre::tdTo-
mato mice consistently fired action potentials (APs) with fast kinetics.
We have suggested that labeled SST interneurons of Sst-Cre::tdTomato
mice are heterogeneous (Nassar et al., 2015). This work was limited to
labeled SST cells with a low threshold firing pattern.
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Optical stimulation. ChR2-expressing ATN axons were stimulated
optically with either a single-wavelength LED system (470 nm; Cairn
Research OptoLED) or laser illumination (405 nm; LuxX, Omicron),
connected to the microscope via a custom-made triple port (Cairn Re-
search). Synaptic responses of presubicular neurons, usually simulta-
neously recorded PCs and interneurons, were recorded in whole-cell
current- or voltage-clamp modes. LED illumination gave a 200-�m-
diameter spot with a 60� 1.0 NA plan-Apochromat objective (Fig. 2-1,
available at https://doi.org/10.1523/JNEUROSCI.0014-18.2018.f2-1).
Flashes of 0.5–20 ms were delivered close to recorded somata. We typi-
cally used low-intensity stimulation of 0.1– 0.5 mW, set to induce near
threshold responses, reducing network activation after ATN axon stim-
ulation (Fig. 2-2, available at https://doi.org/10.1523/JNEUROSCI.0014-
18.2018.f2-2). Excitatory and inhibitory postsynaptic responses were
evoked by 10 Hz and 30 Hz stimulus trains (light pulse duration, 0.5 ms).
We tested for monosynaptic excitation by stimulating in the presence of
TTX (1 �M; Tocris Bioscience) to block polysynaptic excitation and 100
�M 4-AP (Sigma-Aldrich) to enhance axonal depolarization (Cruik-
shank et al., 2010; Mao et al., 2011). NBQX (10 �M, Tocris Bioscience),
D-AP5 (100 �m, Tocris Bioscience), gabazine (10 �M, Tocris Bioscience),
and CGP 52432 (10 �M, Tocris Bioscience) were used to block AMPA,
NMDA, GABAA, and GABAB receptors, respectively.

Inhibition of PV interneurons during photostimulation of the tha-
lamic pathway was achieved by combining a yellow LED (572 nm) pho-
toactivation of eNpHR3.0 in PV neurons, with a blue light (470 nm)
illumination in the light path. Light intensity at the sample was set at 0.3
mW. The yellow light pulse, of 20 ms duration, was triggered 5 ms before
a blue light pulse of 0.5 ms duration so that PV interneurons were inhib-
ited before and during thalamic axon stimulation. For each injected
mouse, the efficacy of yellow LED-triggered hyperpolarization was veri-
fied in at least one PV interneuron.

The excitatory and inhibitory effects of stimulating thalamic fibers at
different presubicular sites were explored in layer 3 PCs clamped to po-
tentials between �30 and 0 mV. In this way, biphasic synaptic events
could be detected as a focused 405 nm laser beam (LuxX, Omicron) was
scanned over different presubicular sites (compare Fig. 3F ). After acquir-
ing an initial image with a 4� objective, we switched to a 60� objective
for focal point illumination (spot size 5–10 �m). A motorized platform
(Luigs and Neumann) moved the stage across a scanning field as we
explored a hexagonal grid of optical stimulation sites (Bendels et al.,
2008; Beed et al., 2010) (custom software, Morgentau Solutions); 40 – 80
stimulation sites at 40 �m separation were tested.

The spatial resolution of laser illumination is defined by the single-
photon illumination cone and diffraction limited by light scattering in
the slice (Trigo et al., 2009). A light spot of �10-�m-diameter in 100 �M

pyranine (HPTS) solution was measured at the focus using the Luca CCD
camera. The light was set to deliver 0.5–2 ms pulses at each stimulation
site. Laser power was adjusted to 0.4 –2 mW, to record EPSC-IPSC se-
quences resulting from activation of few fibers. Grids were repeated three
times for each recorded neuron.

We attempted to limit variability from differences in viral vector up-
take/expression. First, records were made exclusively from slices where

ChR2-eYFP expression was visible at 4� magnification. Second, record-
ings were only made from superficial layer 3 where ChR2 expression was
high. Third, we only used data from animals where significant excitatory
responses were initiated in PCs in control conditions and after TTX/4-AP
application. Finally, double-recordings from neighboring PCs and PV or
SST interneurons let us normalize responses evoked in an interneuron to
those induced by the same photo-stimulation in a nearby PC.

Data analysis. Peak amplitudes of averaged light-evoked PSCs (n � 30)
were measured for PV and PCs. Failures and additional or later peaks
were detected for EPSCs evoked in SST interneurons but not PV in-
terneurons or PCs. We also measured the amplitude at the first peak of
individual traces. Synaptic event amplitudes of �3 times the SD of the
noise were considered to result from direct and/or disynaptic input(s).
Success rate was determined as the number of detected EPSCs, divided by
the total number of stimuli. EPSCs were recorded at holding potentials
close to �60 mV and IPSCs near 0 mV. EPSC latency was calculated from
the stimulus to 5% of the rising amplitude of the evoked current from
individual traces and then averaged. Latency was measured to the first
peak when multiple EPSC peaks were evoked. Short-term synaptic dy-
namics were analyzed by normalizing responses to each stimulus to the
amplitude of the first event. IPSCs were recorded at 0 mV, in the presence
of D-AP5, and were abolished by gabazine. IPSC onset was measured at
5% of the rising amplitude of the peak outward current. Onset jitter was
defined as the SD of latencies to this 5% amplitude point from repeated
single sweeps. Paired-pulse ratio (PPR) was defined as the ratio of the
amplitude of the second to the first postsynaptic response to dual stimuli.
It was calculated from averages of responses to 10 stimuli. Postsynaptic
responses were recorded at resting membrane potential in current clamp,
except for SST interneurons, which were held at membrane potentials
near �50 –55 mV to suppress firing. AP latencies were calculated as the
delay from stimulus onset to the peak of the AP. Spiking probability
corresponded to the number of APs generated during a train of 10 stimula-
tions for a given intensity, divided by 10. Input resistance was monitored by
small-current injection steps (�50 pA). Recordings were discarded if
changes exceeded 20%.

Paired recordings. Whole-cell recordings of pairs of synaptically con-
nected neurons were made in voltage-clamp mode. Depolarizing voltage
injections (1–2 ms, 100 –200 mV) were used to elicit single action cur-
rents in a presynaptic neuron. Unitary IPSCs were recorded at �50 mV
and unitary EPSCs at �70 mV holding potential in the postsynaptic cell.
EPSCs and IPSCs were automatically detected and measured from fil-
tered records (low-pass 1–1.5 kHz) with a threshold of 4 – 6 pA for EPSCs
and IPSCs. The properties of unitary IPSCs and EPSCs were determined
from 30 to 60 traces. Peak amplitude was defined as the mean of all re-
sponses, including failures (amplitude close to 0 pA). Synaptic latency was
estimated as the time between the peak of the presynaptic action current and
5% of the peak amplitude of a unitary IPSC. Rise time of synaptic currents
was defined as the time from 20% to 80% of their peak amplitude. Synaptic
event decay times were measured between peak and 50% of the peak. For
analyses of short-term plasticity, PSCs in a train were normalized to the
amplitude of the first EPSC or IPSC. Synaptic transfer rate was calculated as

Table 1. Intrinsic properties of layer 3 presubicular neurons

PV SST PC PC beads �

Mean SEM N Mean SEM N Mean SEM N Mean SEM N

Membrane potential (mV) �67 1.10 13 �54 2 15 �72 3 17 �74 1.1 15
Time constant (ms) 19 3 10 38 8 10 28 6 8 27 4 11
Sag ratio 1.10 0.01 12 1.20 0.02 15 1.04 0.01 16 1.05 0.01 16
Input resistance (M�) 147 12 13 438 58 14 362 68 15 359 34 14
Threshold current (pA) 183 18 13 59 19 15 63 18 13 70 11 16
I-O initial gain (Hz/pA) 1.06 0.09 13 0.90 0.07 15 0.36 0.06 16 0.27 0.02 15
Firing frequency at 2� rheobase 191 12 8 40 6.20 14 28 3.30 14 27 1.40 16
AP threshold (mV) �39 1.20 13 �34 0.90 15 �38 0.80 17 �30 0.60 16
AP amplitude (mV) 77 1.10 13 76 1.80 15 81 1.03 17 80 1.40 16
AP half-duration (ms) 0.20 0.01 13 0.30 0.01 15 0.60 0.01 17 0.65 0.02 16
AP maximum depolarization (V/s) 624 22 13 507 23 15 478 17 17 452 22 16
AP maximum repolarization (V/s) �464 22 13 �272 14 15 �127 4 17 �121 4 16
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the number of detected postsynaptic events divided by the number of pre-
synaptic spikes. Failure rate was 1 � transfer rate.

Image acquisition and analysis. Stained slices were visualized with a
Retiga EXI camera (QImaging) and scanned with an Optigrid II (Thales
Optem) on an inverted Olympus IX81 microscope to acquire structured
images. Stacks of 50 – 80 images (z step, 0.7 �m) were acquired with an
oil-immersion objective (20�, NA 0.9). Presubicular layers and borders
were defined from cytoarchitectonic features defined from nuclear (DAPI)
staining. Higher-resolution images (see Fig. 2B) were obtained using an
Olympus FV-1000 confocal microscope to acquire z stacks at 0.3 �m.
Blue, green, and red fluorescent signals were acquired sequentially and
images adjusted for contrast and brightness with ImageJ (National Insti-
tutes of Health).

Biocytin staining and morphological 3D reconstructions. Neurons were
filled with 0.3% biocytin (3 mg/ml) during recordings to reveal their
morphology post hoc (Simonnet et al., 2013; Nassar et al., 2015). After
recording, slices were fixed in 4% PFA in 0.1 M phosphate buffer at 4°C
for 24 h. Slices were then rinsed in PBS and cryoprotected in 30% sucrose
mixture at 4°C overnight. Membranes were permeabilized by three cycles
of freeze-thawing over dry ice and then washed with PBS. Slices were
agitated in saturation buffer containing 2% milk powder and 1% Triton
X-100 in PBS 0.1 M for 3 h at room temperature. Then, sections were
gently agitated with Streptavidin-Cy5 conjugate (1:500, Molecular Probes)
and DAPI in the blocking solution overnight at 4°C. After washing with PBS,
slices were mounted on coverslips using ProLong Gold Antifade Mountant

(Invitrogen). Filled cells were visualized with a QImaging Retiga EXI camera
on an inverted Olympus IX81 microscope. Structured images were acquired
with an Optigrid system (Improvision) and Volocity software (PerkinEl-
mer). Neuronal form was derived from z stacks of acquired images (Neuro-
lucida, RRID:SCR_001775; MBF Bioscience).

Statistics. Signals were analyzed with AxoGraphX and custom-written
software (Labview, National Instruments; MATLAB, The MathWorks).
Algorithms to detect APs and measure active and passive neuronal prop-
erties are as described previously (Simonnet et al., 2013; Nassar et al.,
2015). Results are given as mean 	 SEM (n � number of cells, slices, or
animals as indicated). Statistical analysis was performed with Prism
(GraphPad Software), MATLAB (The MathWorks), and R. The Wil-
coxon signed rank test for matched pairs was used to compare nonpara-
metric data in matched samples. A Kruskal–Wallis one-way ANOVA test
was followed by Dunn’s post hoc test to compare more than two groups.
The Anderson–Darling two-sample procedure (� � 0.05) was used to
compare nonparametric data with different distributions. The Benja-
mini–Hochberg procedure was used to correct p values for multiple test-
ing. Significance levels are indicated as p values.

Results
Selective ChR2 expression in the ATN
To study the functional connectivity of the ATN to the presubic-
ulum, we made unilateral injections of AAV to express light-
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Figure 1. ChR2-eYFP expression in the ATN and in their axon terminals in the presubiculum. A, Mouse brain injected with AAV5-ChR2-eYFP (green) in the ATN. The 320-�m-thick horizontal
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current pulse is followed by a rebound burst. F, Top, Blue light stimulation (0.1 mW, 300 ms) evoked spikes and depolarization block in the thalamic cell. Bottom, ChR2-mediated photocurrent
recorded in voltage-clamp in response to the same photostimulation. Blue bar represents the light pulse. Recordings made in the presence of CNQX and D-AP5.
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gated Channelrhodopsin-2 fused to green fluorescent protein
(ChR2-eYFP) in ATN neurons. After 2–3 weeks of incubation,
horizontal slices were prepared, and the thalamic injection site
was examined. Figure 1A, B shows an example of ChR2-eYFP
expression in the ATN. Labeled (eYFP) thalamic axons innervated
layers 1 and 3 of the presubiculum more densely than layer 2 (Fig.
1-1, available at https://doi.org/10.1523/JNEUROSCI.0014-
18.2018.f1-1; and Fig. 1-2, available at https://doi.org/10.1523/
JNEUROSCI.0014-18.2018.f1-2). Thalamic afferents did not
project to deep presubicular layers, adjacent subiculum, or ento-
rhinal cortex (Fig. 1C,D). Recording from ChR2-eYFP-
expressing thalamic neurons in slices revealed typical rebound
bursting (Fig. 1E). Illumination with blue light in the presence of
the glutamatergic antagonists CNQX and D-AP5 depolarized
these cells and induced firing in current-clamp records (Fig. 1F,
top). In voltage-clamp mode, an inward ChR2-mediated photo-
current was detected (Fig. 1F, bottom). ChR2-eYFP-expressing

thalamic neurons responded to light with latencies 
0.1 ms (n �
4 neurons from 2 mice).

ATN axon terminals directly contact MEC-projecting
pyramidal neurons
We asked whether ATN axons innervate MEC-projecting PCs, by
combining retrograde labeling of MEC-projecting cells in the
presubiculum with the viral expression of ChR2-eYFP in tha-
lamic axons (Fig. 2A,B). Red retrobeads were observed in neu-
ronal somata located in the presubicular superficial layer and a
few deeper neurons (Fig. 2B,C) (compare Huang et al., 2017),
indicating that these project to the MEC. In ex vivo slice record-
ings, light stimulation of ATN axons induced EPSCs in all
retrobead-labeled layer 3 neurons with somata surrounded by
channelrhodopsin-expressing ATN axons (Fig. 2D,F, same neu-
ron as in Fig. 2C; low-intensity LED stimulation, 0.1– 0.5 mW).
The mean delay to EPSC onset was 2 	 0.15 ms (n � 11; Fig. 2E),
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compatible with monosynaptic activation. Evoked EPSC ampli-
tudes varied for different neurons in different slices (289 	 43 pA,
n � 11 neurons from 5 animals; Fig. 2E). In current-clamp re-
cordings, ATN fiber stimulation initiated APs in bead-labeled
MEC-projecting neurons at resting membrane potential (Fig. 2F;
stimulations repeated at 30 Hz). APs were abolished by TTX (1
�M) and 4-AP (100 �M), but light stimuli continued to induce
EPSPs, indicating that postsynaptic cells were contacted directly
by synapses of ChR2-expressing ATN axons (n � 11) (compare
Mao et al., 2011). EPSCs were suppressed by bath application of
AMPA and NMDA receptor antagonists (Fig. 2G; n � 3 neurons
from three retrobead-labeled mice). The glutamatergic nature of
thalamic excitation was confirmed in four additional layer 3 py-
ramidal neurons from three mice that had not received retrobead
injections.

Activation of ATN inputs drives an excitation/inhibition
sequence in the presubiculum
When presubicular layer 3 pyramidal neurons were voltage-
clamped at 0 mV, photostimulation of ChR2-expressing thalamic
fibers initiated biphasic synaptic currents. (Fig. 3A,B). An initial
excitatory inward current (EPSC) was rapidly followed by an
inhibitory outward current (IPSC). Following whole-field LED
stimulation, both EPSCs and IPSCs were elicited in all layer 3
pyramidal neurons tested (n � 9 PCs from 4 animals), including
retrobead-labeled MEC-projecting PCs (n � 3 PCs from 3 ani-
mals). IPSCs were abolished by both the GABA receptor antago-
nist gabazine and the AMPA receptor antagonist NBQX (Fig.
3A,B). IPSC onset latencies were significantly longer (Fig. 3C;
3.3 	 0.1 ms; n � 12 from 5 animals; p 
 0.0001, Wilcoxon
signed rank test) than those of the EPSCs (1.7 	 0.1 ms; n � 12
from 5 animals). In PCs, the delay between EPSC and IPSC onset
was 1.6 	 0.1 ms. Onset latency jitter for EPSCs was significantly
less than that of IPSCs (EPSCs, 0.12 	 0.03 ms; IPSCs, 0.23 	
0.03 ms; n � 12 cells from 5 animals; p 
 0.05, Wilcoxon signed-
rank test; Fig. 3D). These data show that photostimulation of ATN
afferents can evoke a direct glutamatergic excitation followed by a
disynaptic inhibition, compatible with thalamic-induced feedfor-
ward inhibition of layer 3 presubicular PCs (Fig. 3E, top).

We next asked whether synaptic excitation is followed by in-
hibition, when few ATN fibers are stimulated to mimic sparse in
vivo head directional inputs. Rather than a wide-field stimula-
tion, we used a focused blue laser to stimulate small sets of ATN
fibers. Layer 3 PCs were recorded in voltage clamp at �30 mV, to
separate excitatory and inhibitory synaptic current components,
and low-intensity laser scanning photostimulation was randomly
applied to different sites across the presubiculum (Fig. 3E–G).
Laser stimuli often initiated an inward current followed by an
outward current, similar to sequences evoked by whole-field LED
stimuli (Fig. 3Ga). This was the case, especially for stimulation
sites close to the soma of recorded layer 3 PCs. Amplitudes of
both inward and outward currents tended to be higher when
stimulating in close proximity to the soma, probably due to the
activation of a greater number of thalamic fibers that make syn-
aptic contacts. However, laser stimulation could also evoke either
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only inward (Fig. 3Gb) or only outward currents (Fig. 3Gc). Out-
ward currents were abolished by gabazine (10 �M, n � 3 of 3
tested cells) confirming their GABAergic nature, and both inward
and outward currents were suppressed by glutamate receptor
antagonists (NBQX, 10 �M; APV, 100 �M). Overall, for all stim-
ulus sites tested, the probability to evoke sequences of EPSCs and
IPSCs was 36 	 6% (n � 7 neurons from 3 mice), the probability
of initiating only an EPSC was 29 	 3% and that for initiating
exclusively an IPSC was 22 	 3%. For low-intensity laser light
stimulation of thalamic fibers at different stimulation sites, 13 	
4% sites did not evoke any synaptic responses in PCs (Fig. 3H).
Sparse activation of ATN inputs therefore often, but not always,
induces sequential excitatory and inhibitory synaptic events.

AP timing in PCs and interneurons
We next compared the timing of firing induced in presubicular
PCs and PV- and SST-expressing interneurons by ATN stimula-
tion to ask how the two types of interneuron contribute to disyn-
aptic feedforward inhibition (Fig. 4). AP latency varied with light
intensity: higher-intensity stimulation recruited more ATN fi-
bers and induced significantly shorter AP latencies (6 PV in-
terneurons [green] from 3 mice; 5 PCs [black] from 4 mice; 5 SST
interneurons [purple] from 3 mice; p 
 0.05, Wilcoxon matched-
pairs signed rank test; Figure 4A). In subsequent experiments,
light intensity was reduced to the minimum value at which APs
were still initiated in simultaneously recorded PC-PV or PC-SST
neuron pairs. In PC-PV pairs, the latency to the first AP was
always shorter for PV interneurons than for PCs (3.26 	 0.26 ms;
PV, 1.84 	 0.44 ms; n � 7 pairs from 4 mice, p 
 0.01, Wilcoxon
matched-pairs signed rank test; Fig. 4B,D). In contrast, in PC-
SST pairs, PCs always fired before SST interneurons (latencies:
PC, 3.68 	 0.22 ms; SST, 6.2 	 0.27 ms; n � 6 pairs from 4 mice,
p 
 0.01, Wilcoxon matched-pairs signed rank test; Fig. 4C,E).

These data suggest that PV, but not SST interneurons, may me-
diate thalamic feedforward inhibition.

ATN provides direct excitatory inputs to pyramidal neurons
and PV interneurons but not to SST interneurons
We next compared responses of presubicular PCs, fast-spiking
PV interneurons, and low-threshold spiking SST interneurons to
photostimulation of ATN fibers. Pyramidal neuron-interneuron
pairs were recorded in presubicular layer 3 in Pvalb-Cre::tdTo-
mato or Sst-Cre::tdTomato transgenic mice (Fig. 5A–F) (com-
pare Nassar et al., 2015). Intrinsic electrophysiological properties
of both recorded cells were characterized from hyperpolarizing
and depolarizing current pulses (Table 1). Optical stimulation of
ATN inputs was adjusted to elicit synaptic excitation in at least
one neuron of the recorded pair.

Amplitudes of EPSCs in PV interneurons were significantly
larger than those of EPSCs in PCs (PV, 800 	 109 pA, n � 10
neurons from 5 animals; PC, 178 	 55 pA, n � 10 neurons from
5 mice; p 
 0.001, Wilcoxon matched-pairs signed rank test; Fig.
5A–C,G). In contrast, the amplitudes of EPSCs in SST interneu-
rons were significantly smaller than those recorded simultane-
ously in PCs (306 	 41 pA; SST, 58 	 17 pA; n � 11 neurons from
10 mice; p 
 0.001 Wilcoxon matched-pairs signed rank test; Fig.
5D–G). EPSC onset latencies were similar in PV cells and PCs
(PV, 2.0 	 0.1 ms; PC, 2.4 	 0.1 ms; n � 10 neurons from 5
animals; Fig. 5H), but significantly longer in SST cells (PC, 2.0 	
0.2 ms; SST, 5.3 	 0.4 ms; n � 11 recordings from 10 animals, p 

0.001, Wilcoxon matched-pairs signed rank test; Fig. 5H). Light
stimulation of ATN axons reliably evoked EPSCs in all PCs and
PV interneurons, but not in SST interneurons. Although SST
cells responded at least once to repeated trials, failures occurred
with a 30% probability across trials (success rate, 0.70 	 0.06; n �
11 neurons from 6 animals; Fig. 5 I, J; p 
 0.0001, Kruskal–Wallis
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and Dunn’s multiple-comparison post hoc test). These results
were obtained in conditions where presynaptic APs evoked syn-
aptic events. Evidence for direct monosynaptic inputs to pyrami-
dal neurons and PV interneurons was confirmed by showing that
synaptic responses persisted during TTX and 4-AP perfusion (1
�M TTX and 100 �M 4-AP; n � 5 pairs from 5 animals; Fig. 5C,
red traces). However, evoked responses in SST interneurons were

abolished after perfusion of TTX and 4-AP (Fig. 5F, red traces),
compatible with an indirect recruitment of SST neurons, follow-
ing thalamic PC activation. Thus, ATN fibers directly excite py-
ramidal neurons and PV interneurons but not SST interneurons.
PV cells therefore appear well suited to mediate thalamic feedfor-
ward inhibition onto PC cells.

Presubicular PV interneurons are highly interconnected with
pyramidal neurons
We next examined interactions between PV interneurons and
layer 3 PCs in double recordings from synaptically connected cell
pairs (n � 40). Figure 6 shows typical morphologies and synaptic
interactions of a reciprocally connected PV-PC pair. Action cur-
rents initiated in PV cells elicited IPSCs of monosynaptic laten-
cies (0.68 	 0.03 ms, n � 19; Table 2) in the PC (Fig. 6B; n � 20
of 40 tested pairs. Conversely, PC action currents initiated uni-
tary EPSCs with monosynaptic latencies (0.74 	 0.03 ms, n � 17,
Table 2; n � 21 of 40 tested pairs). Synaptic interactions between
PV interneurons and PCs were often reciprocal (n � 15 of 40
tested pairs; Fig. 6B), suggesting that a high portion of PV cells
mediate both feedforward and feedback inhibition. IPSCs had
rapid kinetics consistent with inhibitory synapses terminating on
perisomatic sites on PCs. The rise time of unitary IPSCs was
0.52 	 0.07 ms (n � 19). The rise time of unitary EPSCs from
PC-to-PV cells was 0.31 	 0.02 ms (n � 17). The mean amplitude
of EPSCs induced in PV cells was 73 	 20 pA (n � 17; Fig. 6C,E),
and their mean decay time constant was 0.91 	 0.07 ms (n � 17).
The mean amplitude of IPSCs elicited in PCs was 14 	 2 pA (n �
19; Fig. 6C,E), and their mean decay time constant was 2.90 	
0.20 ms (n � 19). The transfer rate, or probability that a postsyn-
aptic event was induced, was 0.79 	 0.06 for EPSCs (n � 17) and
0.71 	 0.07 for IPSCs (n � 19). During 50 Hz trains of action
currents initiated in PCs or in interneurons (Fig. 6D–F), EPSC
amplitudes became moderately depressed (PPR, 0.82 	 0.07, n �
15) as were those of IPSCs (paired pulse ratio, 0.85 	 0.03, n �
18). We conclude that layer 3 presubicular PV cells mediate a
widespread inhibition of local PCs.

ATN fibers induce PV interneuron-mediated feedforward
inhibition in the presubiculum
These data show that ATN axons excite both presubicular layer 3
PV interneurons and MEC-projecting PCs (Figs. 2–5), and that
these two cell types are highly interconnected (Fig. 6). We next
asked whether PV cells mediate a thalamic feedforward inhibi-
tion. To do so, AAV.hSyn.hChR2-eYFP was injected into the
ATN and AAV.Ef1a.DIO.eNpHR3.0-eYFP into the presubicu-
lum of Pvalb-Cre mice. This double optogenetic strategy let us
test the effect of inhibiting presubicular PV cells on synaptic re-
sponses induced in PCs by ATN fiber stimulation (Fig. 7A). Ex-
pression of the light-gated, chloride-pumping halorhodopsin
(eNpHR3.0) hyperpolarized presubicular PV interneurons in re-
sponse to yellow light (Fig. 7B; n � 5 cells from 3 animals). In
cell-attached recordings, PV cells fired in response to blue light
stimulation of ATN fibers, and firing was inhibited during con-
comitant activation of eNpHR3.0 (Fig. 7C). In voltage-clamp
recordings from layer 3 pyramidal neurons, ATN stimulation in-
duced a sequence of inward (EPSC) and outward (IPSC) currents at
0 mV. Yellow light silencing of PV interneurons dramatically, and
reversibly, reduced the feedforward inhibitory current (n � 8 PCs
from 3 mice, p 
 0.01, Kruskal–Wallis and Dunn’s multiple-
comparison post hoc test) (Fig. 7D,E). As a control, we noted that the
peak amplitude of ATN-driven EPSCs was unchanged during yellow
light stimulation (�60 mV; light off/light on/light off, n � 8 cells
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 0.0001 (Kruskal–Wallis and Dunn’s multiple-
comparison post hoc test). Data are mean 	 SEM.
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from 3 animals, Kruskal–Wallis and Dunn’s multiple-comparison
post hoc test; Fig. 7F). These data show that PV interneurons mediate
a thalamic feedforward inhibition of layer 3 PCs.

Effects of repetitive activation of ATN inputs depend on
postsynaptic cell identity
We then investigated the dynamics of EPSC responses to repeti-
tive, low-intensity (0.1- 0.5 mW) stimulation of ATN fibers at 10
or 30 Hz. In PV and PC neurons, the amplitude of light-evoked
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Table 2. EPSC and IPSC properties from synaptically connected PV interneuron-
pyramidal neuron pairs

EPSCs IPSCs

Mean SEM N Mean SEM N

Rise time (ms) 0.31 0.02 17 0.52 0.07 19
Decay time (ms) 0.91 0.07 17 2.90 0.20 19
Latency onset (ms) 0.74 0.03 17 0.68 0.03 19
Transfer rate 0.79 0.06 17 0.71 0.07 19
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EPSCs was reduced during trains of 10
stimuli at either 10 or 30 Hz (Fig. 8A–F).
EPSCs in PV interneurons depressed
more rapidly and more strongly (PPR, 10
Hz, 0.63 	 0.03; 30 Hz, 0.58 	 0.04,
n � 12; significant depression of EPSC
amplitudes after the third stimulus; An-
derson–Darling and Hochberg–Benjamini
multiple-comparison test) than those in py-
ramidal neurons (PPR, 10 Hz: 0.93 	
0.04, n � 26; 30 Hz: 0.96 	 0.05, n � 25;
significant depression after the sixth stim-
ulus; Fig. 8C,F). In contrast, we observed
a transient, short-term facilitation of di-
synaptic EPSCs in SST interneurons.
During stimulus trains at 30 Hz, EPSC
amplitude increased significantly between
the first and the second and third stimulus
(PPR, 30 Hz: 5.3 	 1.19, n � 15; Fig.
8H, I). Repetitive stimulation at 10 Hz in-
duced very small or no facilitation in SST
interneurons (PPR, 10 Hz: 1.56 	 0.32,
n � 14; Fig. 8G,I). These data indicate dis-
tinct synapse dynamics for different cell
types. Dynamic depression of EPSCs in PV
cells should weaken feedforward inhibition
of PCs and facilitate firing during main-
tained head direction signals from the ATN.

Dynamics of spiking probability for
pyramidal neurons and interneurons
How do differences in synaptic input
dynamics affect firing in excitatory and
inhibitory presubicular neurons? We ex-
amined the evolution of spiking probabil-
ity during repetitive stimuli. AP firing
probability was first determined over a
range of light intensities (Fig. 7A). In PV
interneurons, small increases in light in-
tensity rapidly led to a spiking probability
of 1. At higher intensities, single light
pulses could initiate more than one AP,
thus producing firing probabilities �1,
for 12 of 13 PV cells tested (Fig. 9A). Over-
all, the probability of AP discharge was
much lower for pyramidal neurons and SST interneurons, for
both 10 Hz (PC, 0.5 	 0.1, n � 22; SST, 0.3 	 0.1, n � 15) and 30
Hz stimulations (PC, 0.5 	 0.1, n � 22; SST, 0.4 	 0.1, n � 14)
than for PV interneurons (10 Hz, 1.5 	 0.1, n � 13; 30 Hz, 1.4 	
0.1, n � 11). Most PC and SST neurons did not sustain firing
until the 10th pulse in a train, even for the higher light intensities.

We next compared the dynamics of firing during repetitive
ATN fiber stimuli of intermediate light intensities (0.2–1 mW).
These stimuli evoked at least one AP but with probability of firing

100% to each pulse. The probability to initiate PV interneuron
firing was highest for the first pulse of both 10 Hz (n � 16 neu-
rons from 7 animals) and 30 Hz trains (n � 18 neurons from 7
animals) (Fig. 9B,E). The spiking probability was then quickly
and significantly reduced for the second pulse and during the
remainder of the train (p 
 0.0001, Anderson–Darling test and
Hochberg–Benjamini multiple-comparison test; Fig. 9E). The
dynamics of firing in PCs differed. At 10 Hz, spiking probability
was highest for the first pulse, whereas it was highest for the

second pulse at 30 Hz (PC, n � 23 neurons from 10 animals,
statistical significance, p 
 0.01; Fig. 9C,F). After the fourth
pulse, and for the remainder of 10 Hz and 30 Hz trains, spiking
probability was less than for the first pulse (Fig. 9E,F). Pyramidal
neurons and, to a greater extent, SST interneurons did not always
fire at the first pulse of stimulus trains. In SST cells, we de-
tected a tendency for spiking facilitation for the second pulse
for 10 Hz stimulation (SST, n � 18 neurons from 7 animals),
and an initial, significant facilitation for 30 Hz stimulation
(SST, n � 17 neurons from 6 animals; p 
 0.001, Anderson–
Darling test and Hochberg–Benjamini multiple-comparison
test; Fig. 9 D, G).

These data reveal a strong initial recruitment of PV interneu-
rons by ATN inputs, which depresses during maintained stimuli.
Disynaptically induced firing in SST cells is shaped by facilitating
dynamics of the PC-SST synapse and a moderately decreasing
probability of PC firing. For stimulations repeated at 30 Hz, the
summation of EPSPs together with and depression of feedfor-
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ward inhibition may lead to a highest PC spiking probability on
the second pulse. We note that thalamic neurons anticipate head
direction signals by 25– 40 ms (Blair and Sharp, 1995; Taube and
Muller, 1998), whereas presubicular neurons signal the current
direction. Possibly, the fast, transient feedforward inhibition me-
diated via PV interneurons helps transform anticipatory direc-
tion signals of the thalamus into a real-time head direction signal
in presubiculum.

Discussion
Here we show that glutamatergic synaptic inputs to the presubic-
ulum from the ATN excite PCs and PV interneurons, which me-
diate disynaptic feedforward inhibition. PV interneurons are
recruited at low-stimulus intensities by synapses with depressing
dynamics. Controlled by inhibitory circuits that are most effec-
tive at stimulus onset, PC firing increases transiently during re-
petitive stimulation, even though ATN fiber-mediated excitation
of principal cells also follows depressing dynamics. In contrast to
PV cells, SST interneurons were excited indirectly via pathways
that facilitated during repetitive stimulation and so mediate a
delayed inhibition during repetitive ATN activity. We showed
that activating different sets of ATN fibers in a slice did not always
evoke an inhibitory response and that PV interneurons could
mediate a lateral inhibition of principal neurons that were not
directly excited.

Optical activation of long-range axon terminals with ChR2
The presubiculum is innervated by thalamus, subiculum, para-
subiculum, retrosplenial, visual, and entorhinal cortex (van

Groen and Wyss, 1990a,b,c; van Groen and Wyss, 1992; Jones
and Witter, 2007; Sugar et al., 2011). Here we optically activated
thalamic afferents after injecting an AAV-ChR2-eYFP construct
in the ATN. Paired recordings of interneurons and PCs let us
define local connectivity and compare the strength and dynamics
of ATN inputs.

Synaptic dynamics derived by optical stimulation of ChR2-
containing axons should be interpreted with caution (Cruik-
shank et al., 2010). We took several measures to avoid artifacts. A
mutated version of ChR2 with reduced calcium permeability (Lin
et al., 2009: Nagel et al., 2003) was used to avoid Ca-dependent
effects on transmitter release and synaptic dynamics (Neher
and Sakaba, 2008). Synaptic depression may be artifactually
enhanced according to AAV serotype. Responses determined
with AAV9-mediated ChR2 expression are comparable with
those induced by electrical stimuli (Jackman et al., 2014). Our
data showed that both AAV5 and AAV9 serotypes were asso-
ciated with short-term depression in principal neurons and
PV interneurons. Facilitating dynamics of repetitive stimuli in
SST interneurons reflect distinct properties of the PC-SST syn-
apse after PC firing. Data obtained by optical stimuli appar-
ently reflect distinct responses of principal neurons, PV and
SST interneurons.

Anterior thalamic afferents excite presubicular layer 3 PCs
and interneurons
Layer 3 presubicular head direction cells project to the MEC (van
Groen and Wyss, 1990c; Honda and Ishizuka, 2004; Preston-
Ferrer et al., 2016). We showed that ATN inputs induced large
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EPSPs at short latencies in these cells. In-
trinsic electrophysiological properties of
labeled MEC-projecting neurons were
similar to those of unlabeled local PCs
(Table 1). Stimulating ATN fibers at 10 Hz
induced PC firing, which diminished dur-
ing a train. Stimulation at 30 Hz, in con-
trast, revealed a high-pass filtering where
firing probability increased transiently,
before a sustained reduction.

PV interneurons of layer 3 were also
directly excited by thalamic fibers. EPSC
latencies in PV interneurons and PCs
were short and similar to those of mono-
synaptic thalamic inputs to barrel cortex
(Cruikshank et al., 2010) and other long-
range excitatory cortical inputs (Lee et al.,
2013; Keshavarzi et al., 2014; Haley et al.,
2016). Latencies were somewhat shorter
in PV interneurons than in PCs (Fig. 5),
possibly due to distinct subcellular sites of
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excitatory synapses. ATN afferents may innervate the soma of PV
cells, whereas thalamic fibers innervate dendritic spines at some
distance from PC somata.

In SST interneurons, light-evoked synaptic responses were
smaller, with longer latencies and transmission failed frequently.
SST interneurons were less likely to fire than PV cells, even
though their intrinsic excitability and input resistance are higher
and resting potential is more depolarized (Table 1). SST cells were
excited disynaptically via layer 3 PCs because EPSCs were sup-
pressed by TTX and 4-AP (Figs. 5; Fig. 10) (Simonnet et al.,
2017). In somatosensory cortex, too, circuits for the excitation of
PV cells are functionally stronger that those that excite SST in-
terneurons (Cruikshank et al., 2010; Lee et al., 2013).

Thalamic excitation may be fine-tuned by
PV-mediated inhibition
Optical stimulation of ATN fibers induced EPSC-IPSC sequences
in layer 3 PCs. IPSC onset latency was short (Fig. 3), as for other
thalamocortical pathways (Pouille and Scanziani, 2001; Gabernet
et al., 2005; Cruikshank et al., 2010; Stokes and Isaacson, 2010).
Our data suggest that feedforward inhibition was largely medi-
ated by presubicular PV interneurons. PV cells fire rapidly when
thalamic fibers are stimulated (Figs. 4; 5) and contact local PCs
with high probability (Fig. 6). Presubicular PV cells innervated 20
of 40 PCs tested, similar to the connectivity of fast-spiking PV
cells in somatosensory or visual cortex (Holmgren et al., 2003;
Yoshimura and Callaway, 2005). Reciprocal connectivity in the
feedback inhibitory circuit was high (Holmgren et al., 2003; Yo-
shimura and Callaway, 2005; Yoshimura et al., 2005; Packer and
Yuste, 2011). Further, optical activation of halorhodopsin let us
demonstrate the essential role of PV interneurons in disynaptic
feedforward inhibition (Fig. 7). Silencing presubicular PV in-
terneurons largely suppressed disynaptic inhibition in pyramidal
neurons. PV cells thus mediate a fast, reliable feedforward control
of ATN signals (Fig. 10).

Feedforward inhibition seems likely to increase with the num-
ber of active afferents (Isaacson and Scanziani, 2011). This point
was demonstrated by comparing whole-field optical and focal
laser stimulation of ChR2-expressing ATN fibers. Whole-field
stimuli induced balanced EPSC-IPSC sequences in PCs; but in
responses to a sparser fiber activation induced by focal stimuli
(Fig. 3), EPSCs were not succeeded by IPSCs for 20%–30% of
presubicular sites tested. Possibly inhibition mediated by distal
dendritic synapses may have been underestimated due to insuf-
ficient space clamp (Williams and Mitchell, 2008; Kubota et al.,
2015). Indeed, it is difficult to compare dendritic excitation and
inhibition without making assumptions on the site and strength
of contacts (Chadderton et al., 2014). Nevertheless, our data re-
veal a variable somatic balance of excitation and inhibition,
which presumably affects synaptic integration and AP initiation
(Markram et al., 2004). We also noted in all cells that disynaptic
IPSCs were induced with no preceding EPSC from some stimu-
lation sites. PV interneurons with widespread axonal arbors may
thus mediate both feedforward and lateral disynaptic presubicu-
lar inhibition (Fig. 10).

Hypothesis for functional implications for presubicular HD
signal processing
Presubicular layer 3 is a crucial node in head direction signal
transmission from the ATN to MEC. Inputs to the presubiculum
probably possess direction tuning (Taube, 2007; Peyrache et al.,
2015). The feedforward excitatory-inhibitory microcircuits of
layer 3 may sharpen head direction signals relayed to the entorhi-

nal grid cell system (Tukker et al., 2015; Winter et al., 2015;
Preston-Ferrer et al., 2016). As for inhibitory circuits of auditory
cortex (Wu et al., 2008; Chadderton et al., 2014), head direction
cells coding for nonpreferred directions may receive inhibitory,
but not excitatory, inputs. As in barrel cortex, direction-dependent
shifts in timing of excitation and inhibition may result in a “win-
dow of opportunity” for excitatory inputs to induce firing (Wi-
lent and Contreras, 2005).

Fast-spiking interneurons in vivo show higher firing rates dur-
ing rotation (Preston-Ferrer et al., 2016). Our in vitro data show
thalamic excitation of PV cells depresses during repetitive tha-
lamic activity (Fig. 8). These observations fit together: During a
head turn, active thalamic afferent fibers change rapidly, so that
thalamic excitation and firing of PV cells should be maintained.
The depressing dynamics of PV cell excitation could thus permit
the “reconstruction” of angular velocity signals by decoding tha-
lamic head directional inputs.

During immobility, when a same set of thalamic fibers is repeat-
edly active in vivo, synaptic excitation of PV cells may become de-
pressed, as in our in vitro experiments (Fig. 8). Feedforward
inhibition weakens as PV cells fire less and the excitatory-inhibitory
balance may become shifted to excitation (Whitmire and Stanley,
2016) if synaptic depression is greater for inhibition than for
excitation, as in barrel cortex (Gabernet et al., 2005). The depress-
ing dynamics of the ATN-PV synapse may favor delayed PC re-
cruitment (on the second pulse for 30 Hz stimulation in vitro; Fig.
9). Thus, PV interneuron circuit properties permit both fine-
tuning of changing ATN inputs and a differential treatment of
persistent ATN inputs.

SST interneurons are more effectively excited during persis-
tent activation, due to facilitating synaptic dynamics (Ma et al.,
2010). We showed previously that SST cell activity during main-
tained head direction may enhance PC firing through precisely
timed feedback inhibition during PC spike repolarization (Simo-
nnet et al., 2017). We suggest that presubicular circuits switch
between two regimens according to the angular velocity of head
movements. During immobility, SST-PC interactions may sup-
port maintained HD firing by attractor-like mechanisms (Simo-
nnet et al., 2017). During head turns, in contrast, PV-mediated
inhibition may fine-tune the HD signal transmitted to MEC.

References
Amaral DG, Witter MP (1989) The three-dimensional organization of the

hippocampal formation: a review of anatomical data. Neuroscience 31:
571–591. CrossRef Medline

Bassett JP, Tullman ML, Taube JS (2007) Lesions of the tegmentomammil-
lary circuit in the head direction system disrupt the head direction signal
in the anterior thalamus. J Neurosci 27:7564 –7577. CrossRef Medline

Beed P, Bendels MH, Wiegand HF, Leibold C, Johenning FW, Schmitz D
(2010) Analysis of excitatory microcircuitry in the medial entorhinal cor-
tex reveals cell-type-specific differences. Neuron 68:1059–1066. CrossRef
Medline

Bendels MH, Beed P, Leibold C, Schmitz D, Johenning FW (2008) A novel
control software that improves the experimental workflow of scanning
photostimulation experiments. J Neurosci Methods 175:44 –57. CrossRef
Medline

Blair HT, Sharp PE (1995) Anticipatory head direction signals in anterior
thalamus: evidence for a thalamocortical circuit that integrates angular
head motion to compute head direction. J Neurosci 15:6260–6270. CrossRef
Medline

Boccara CN, Sargolini F, Thoresen VH, Solstad T, Witter MP, Moser EI,
Moser MB (2010) Grid cells in pre- and parasubiculum. Nat Neurosci
13:987–994. CrossRef Medline

Chadderton P, Schaefer AT, Williams SR, Margrie TW (2014) Sensory-
evoked synaptic integration in cerebellar and cerebral cortical neurons.
Nat Rev Neurosci 15:71– 83. CrossRef Medline

Nassar et al. • Presubicular Layer 3 Processing of Thalamic Inputs J. Neurosci., July 11, 2018 • 38(28):6411– 6425 • 6423

http://dx.doi.org/10.1016/0306-4522(89)90424-7
http://www.ncbi.nlm.nih.gov/pubmed/2687721
http://dx.doi.org/10.1523/JNEUROSCI.0268-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17626218
http://dx.doi.org/10.1016/j.neuron.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21172609
http://dx.doi.org/10.1016/j.jneumeth.2008.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18771693
http://dx.doi.org/10.1523/JNEUROSCI.15-09-06260.1995
http://www.ncbi.nlm.nih.gov/pubmed/7666208
http://dx.doi.org/10.1038/nn.2602
http://www.ncbi.nlm.nih.gov/pubmed/20657591
http://dx.doi.org/10.1038/nrn3648
http://www.ncbi.nlm.nih.gov/pubmed/24434910


Cruikshank SJ, Urabe H, Nurmikko AV, Connors BW (2010) Pathway-
specific feedforward circuits between thalamus and neocortex revealed
by selective optical stimulation of axons. Neuron 65:230 –245. CrossRef
Medline

Gabernet L, Jadhav SP, Feldman DE, Carandini M, Scanziani M (2005) So-
matosensory integration controlled by dynamic thalamocortical feed-
forward inhibition. Neuron 48:315–327. CrossRef Medline

Goodridge JP, Taube JS (1997) Interaction between the postsubiculum and
anterior thalamus in the generation of head direction cell activity. J Neu-
rosci 17:9315–9330. CrossRef Medline

Haley MS, Fontanini A, Maffei A (2016) Laminar- and target-specific amygda-
lar inputs in rat primary gustatory cortex. J Neurosci 36:2623–2637. CrossRef
Medline

Hippenmeyer S, Vrieseling E, Sigrist M, Portmann T, Laengle C, Ladle DR,
Arber S (2005) A developmental switch in the response of DRG neurons to
ETS transcription factor signaling. PLoS Biol. 3:e159. CrossRef Medline

Holmgren C, Harkany T, Svennenfors B, Zilberter Y (2003) Pyramidal cell
communication within local networks in layer 2/3 of rat neocortex.
J Physiol 551:139 –153. CrossRef Medline

Honda Y, Ishizuka N (2004) Organization of connectivity of the rat pre-
subiculum: I. Efferent projections to the medial entorhinal cortex.
J Comp Neurol 473:463– 484. CrossRef Medline

Huang LW, Simonnet J, Nassar M, Richevaux L, Lofredi R, Fricker D (2017)
Laminar localization and projection-specific properties of presubicular
neurons targeting the lateral mammillary nucleus, thalamus or medial
entorhinal cortex. eNeuro 4:ENEURO.0370 –16.2017. CrossRef

Isaacson JS, Scanziani M (2011) How inhibition shapes cortical activity.
Neuron 72:231–243. CrossRef Medline

Jackman SL, Beneduce BM, Drew IR, Regehr WG (2014) Achieving high-
frequency optical control of synaptic transmission. J Neurosci 34:7704 –
7714. CrossRef Medline

Jones BF, Witter MP (2007) Cingulate cortex projections to the parahip-
pocampal region and hippocampal formation in the rat. Hippocampus
17:957–976. CrossRef Medline

Keshavarzi S, Sullivan RK, Ianno DJ, Sah P (2014) Functional properties
and projections of neurons in the medial amygdala. J Neurosci 34:8699 –
8715. CrossRef Medline

Kubota Y, Kondo S, Nomura M, Hatada S, Yamaguchi N, Mohamed AA,
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