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Septohippocampal transmission 
from parvalbumin‑positive 
neurons features rapid recovery 
from synaptic depression
Feng Yi1, Tavita Garrett2, Karl Deisseroth3, Heikki Haario4, Emily Stone5 & J. Josh Lawrence6*

Parvalbumin‑containing projection neurons of the medial‑septum‑diagonal band of Broca ( PV
MS-DBB

 ) 
are essential for hippocampal rhythms and learning operations yet are poorly understood at cellular 
and synaptic levels. We combined electrophysiological, optogenetic, and modeling approaches to 
investigate PV

MS-DBB
 neuronal properties. PV

MS-DBB
 neurons had intrinsic membrane properties 

distinct from acetylcholine‑ and somatostatin‑containing MS‑DBB subtypes. Viral expression of the 
fast‑kinetic channelrhodopsin ChETA‑YFP elicited action potentials to brief (1–2 ms) 470 nm light 
pulses. To investigate PV

MS-DBB
 transmission, light pulses at 5–50 Hz frequencies generated trains of 

inhibitory postsynaptic currents (IPSCs) in CA1 stratum oriens interneurons. Using a similar approach, 
optogenetic activation of local hippocampal PV ( PV

HC
 ) neurons generated trains of PV

HC
‑mediated 

IPSCs in CA1 pyramidal neurons. Both synapse types exhibited short‑term depression (STD) of IPSCs. 
However, relative to PV

HC
 synapses, PV

MS-DBB
 synapses possessed lower initial release probability, 

transiently resisted STD at gamma (20–50 Hz) frequencies, and recovered more rapidly from synaptic 
depression. Experimentally‑constrained mathematical synapse models explored mechanistic 
differences. Relative to the PV

HC
 model, the PV

MS-DBB
 model exhibited higher sensitivity to calcium 

accumulation, permitting a faster rate of calcium‑dependent recovery from STD. In conclusion, 
resistance of PV

MS-DBB
 synapses to STD during short gamma bursts enables robust long‑range 

GABAergic transmission from MS‑DBB to hippocampus.

Parvalbumin-positive projection neurons from the medial septum-band of Broca ( PVMS-DBB ) drive hippocampal 
theta  oscillations1–4 and play important roles in sensory  perception5, fear  learning6, memory  retrieval7, memory 
 consolidation8, spatial working  memory9, and  neurogenesis10. During firing in vivo, PVMS-DBB neurons exhibit 
an intriguing pattern of 2–6 action potentials at gamma frequency, nested in a theta  rhythm1,11,12. PVMS-DBB 
projection neurons exclusively target hippocampal interneurons in all subregions of the  hippocampus13–17. The 
synaptic drive of this inhibitory GABAergic input forms a powerful disinhibition circuit, whereby PVMS-DBB 
neurons rhythmically inhibit firing of local hippocampal (HC) interneurons, which in turn rhythmically dis-
inhibit GABAergic transmission onto principal  cells18,19. This synchronization mechanism is a crucial driver of 
the “atropine-insensitive” hippocampal theta  rhythm1–3,19–23.

Septohippocampal PVMS-DBB terminals are larger and more proximally located than local hippocampal 
interneuron  terminals14,16,24, suggesting functional differences. Previous studies have used a minimal extracellular 
stimulation technique to stimulate septohippocampal GABAergic axons onto hippocampal oriens-lacunosum 
moleculare (O-LM) interneurons and found reduced paired-pulse depression (PPD) and increased coefficient 
of variation (CV) relative to GABAergic input from local VIP  interneurons25,26. These observations suggest 
synaptic differences in short-term plasticity between septohippocampal and local GABAergic synapses. A subse-
quent study using optogenetic stimulation found that MS-DBB GABAergic transmission undergoes short-term 
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depression (STD) that is sensitive to GABAB receptor  antagonism27. While these studies have provided general 
knowledge of septohippocampal GABAergic transmission dynamics, the septohippocampal GABAergic projec-
tion is comprised of several GABAergic neuron subtypes, which include not only PVMS-DBB projection neurons 
but also cholinergic projection ( ChATMS-DBB ) neurons, which have recently been demonstrated to co-transmit 
both acetylcholine and  GABA28,29. An additional somatostatin-positive MS-DBB cell type ( SOMMS-DBB ), which 
we describe here, may also project to hippocampal subpopulations.

PVMS-DBB neurons have emerged as major contributors to behaviorally-relevant hippocampal network 
rhythms and learning  operations1,5,6,8,9. What is missing is a precise understanding of the synaptic dynamics of 
PVMS-DBB-mediated transmission onto specific interneuron targets. This knowledge is needed to mechanistically 
link the activation of neurochemically-specific MS-DBB neuron subtypes to the generation of hippocampal theta 
and gamma rhythms. Here, using optogenetic stimulation of PVMS-DBB neurons, we provide a comprehensive 
quantitative description of PVMS-DBB-mediated transmission onto hippocampal stratum oriens interneurons 
across a dynamic range of in vivo firing  frequencies1,30,31. We find that PVMS-DBB-mediated transmission reaches 
steady-state short-term depression (STD) at both theta and gamma frequencies. However, compared to trans-
mission from local PVHC synapses onto CA1 pyramidal cells (PCs), PVMS-DBB-mediated transmission resists 
STD initially during gamma (20–50 Hz) frequency spike trains. Using mathematical synapse models, we find 
that kinetic differences in STD can be explained by different presynaptic calcium sensitivities that determine 
differential rates of calcium-dependent recovery from depression between PVMS-DBB and local PVHC synapses. 
We conclude that resistance to STD is a key feature of PVMS-DBB-mediated transmission, facilitating robust 
information transfer from MS-DBB to hippocampus.

Methods
Ethics statement. All experimental procedures were approved by the University of Montana’s Institutional 
Animal Care and Use Committee (IACUC; approved Animal Use Protocols 026-11, 035-13, and 017-14) and 
performed in accordance with University of Montana’s IACUC guidelines and regulations.

Transgenic mice. PV-CRE (stock # 008069; Jackson Labs, Bar Harbor, ME)32, SOM-CRE (Jackson Labora-
tories, stock # 013044)33, and ChAT-CRE (GM24 founder line, 017269-UCD, Mutant Mouse Regional Resource 
Center, Davis, CA)34 were maintained similarly to previous  studies35. To visualize yellow fluorescent protein 
(YFP) in CRE-containing MS-DBB neurons, homozygous CRE mouse lines were crossed with a homozygous 
Rosa26EYFP reporter  line36,37 (stock # 007920; Jackson Laboratories) to generate F1 heterozygous PV-CRE+/−

:Rosa26EYFP+/− (PV-Rosa), SOM-CRE+/−:Rosa26EYFP+/− (SOM-Rosa), or ChAT-CRE+/−:Rosa26EYFP+/− 
(ChAT-Rosa) mice, respectively. After weaning, gender-specific littermates were socially housed in groups of 
2–5 per cage until use.

Acute slice preparation. For electrophysiological characterization of PVMS-DBB , SOMMS-DBB and 
ChATMS-DBB neurons, acute coronal MS-DBB and/or transverse hippocampal slices (300 μm thickness) were 
obtained from 3–7 week-old  mice38. Mice, continuously anesthetized with 4% isofluorane, were transcardially 
perfused with oxygenated, ice-cold, sucrose-based artificial cerebrospinal fluid (SB-ACSF) containing (in mM): 
80 NaCl, 2.5 KCl, 24 NaHCO3 , 0.5 CaCl2 , 4 MgCl2 , 1.25 NaH2PO4 , 25 glucose, 75 sucrose, 1 ascorbic acid, and 3 
sodium pyruvate, saturated with 95% O2–5% CO2 , pH 7.4. Following decapitation, heads were submerged in ice-
cold SB-ACSF for 1–2 min. After the brain was exposed, a tissue block was made by isolating the cortex from the 
olfactory bulbs and cerebellum. A small lab weighing spatula (Fisher scientific, Cat No. NC1862870, MedicusH-
ealth 150 mm size) was used to gently pry up and transfer the tissue block to a petri dish containing SB-ACSF. 
For optogenetics experiments, coronal sections of MS-DBB and/or transverse sections of hippocampus were cut 
simultaneously on a Vibratome 1200S (Leica Microsystems, Bannockburn, IL). The bottom surface of the slice, 
as it was cut free on the vibratome, was gently transferred via a open-tipped plastic transfer pipette and flipped, 
bottom-side up, into an incubation chamber containing SB-ACSF at 36 ◦ C. To minimize vertical vibration of the 
 blade38,39, the Leica Vibrocheck device was employed prior to each use. Acute slices were incubated for at least 
30 min prior to use.

Stereotaxic injection of adeno‑associated virus (AAV) into PV‑CRE mice. AAV5 EF1a-DIO-
ChR2(E123A)-EYFP (ChETA-YFP; University of North Carolina Vector Core, Chapel Hill, NC)40 was injected 
bilaterally (3 μL total; 1.5 μL/hemisphere; rate: 0.25 μL/min) into the MS-DBB (coordinates AP 1.1, ML 0.2, 
DV − 4.1 mm from bregma) or hippocampus (coordinates AP − 2.8, ML 3.3, DV − 2.3 mm from bregma) of 
2.5–6 month old PV-CRE mice (20–30 g), using a previously described  procedure35. To ensure adequate ChETA-
YFP density, immunocytochemical or electrophysiological experiments were performed at least 40 days after 
survival surgery. MS-DBB slices were screened for ChETA-YFP prior to optogenetics experiments in hippocam-
pal slices. For each mouse, only one brain region, MS-DBB or hippocampus, was injected with ChETA-YFP 
AAV.

Whole cell recordings. Glass pipettes (cat # TW150F-3, World Precision Instruments; Sarasota, FL) were 
fabricated using a two-step PC-10 vertical puller (Narishige, East Meadow, NY). Pipette resistances (2.5–4.5 M� ) 
were used for whole-cell recordings. Whole-cell data, obtained using a Multiclamp 700B amplifier (Molecular 
Devices, Union City, CA), were filtered at 4 kHz, digitized at 20 kHz (Digidata 1440A, Molecular Devices), and 
acquired using Axograph X (Axograph Scientific, Sydney, Australia) running on a PC. ACSF (in mM: 125 NaCl, 
2.5 KCl, 25 NaHCO3 , 2 CaCl2 , 1 MgCl2 , 1.25 NaH2PO4 , and 20 glucose, saturated with 95% O2/5% CO2 , pH 
7.4) was heated to 34–35 ◦ C with HPT-2 (Scientifica, East Sussex, UK) or SH-27B/TC-324B (Warner, Hamden, 
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CT) inline solution heaters. Whole cell mode was achieved once cell-attached resistance reached at least 1 G� . 
In current clamp recordings (Table S1), initial access resistance ( Ra ) did not differ significantly among  PVMS-DBB, 
 SOMMS-DBB, and  ChATMS-DBB cell types (p = 0.42, one-way ANOVA). Bridge balance was employed through-
out current-clamp experiments. For current clamp recordings from acute MS-DBB slices, pipettes contained a 
potassium gluconate-based intracellular (IC) solution (in mM): 110 potassium gluconate, 40 KCl, 10 HEPES, 
0.1 EGTA, 4 MgATP, 0.3 Na2GTP, 10 phosphocreatine, and 0.2% biocytin, pH 7.2 and 295–305  mOsm. To 
maximize signal-to-noise and space clamp conditions in optogenetic experiments, postsynaptic pipettes con-
tained a CsCl-based IC (in mM): 123 CsCl, 10 KCl, 30 HEPES, 5 EGTA, 4 MgATP, 0.3 Na2GTP, 5 QX-314, 10 
phosphocreatine and 0.2% biocytin (pH 7.2, and 295–305 mOsm). To isolate IPSCs, the extracellular solution 
contained the AMPA receptor antagonist DNQX (25 μM) and the NMDA receptor antagonist APV (50 μM). To 
isolate ChETA-induced photocurrents and action potentials, the GABAA receptor antagonist gabazine (5 μM) 
was added in addition to DNQX and APV.

Visualization and photoactivation of EYFP‑positive neurons. Live MS-DBB or hippocampal slices 
were adhered to poly-d-lysine-coated glass coverslips and visualized under a 63× objective using IR-Dodt con-
trast on an upright microscope (Axio Examiner, Carl Zeiss Microscopy, LLC) with a digital AxioCam FireWire 
camera. The microscope was integrated into either a Patch Pro 2000 (Scientifica, East Sussex, United Kingdom) 
or Infrapatch (Luigs and Neumann, Ratingen Germany). On the Patch Pro 2000, EYFP-positive neurons were 
visualized using 505 nm (LED4C11-SP, Thor Labs, Newton, NJ) or 470 nm (M470L2-C4, Thor Labs) LEDs con-
trolled by 4-channel DC4100 or 1-channel DC2100 LED drivers (Thor Labs), respectively. On the Infrapatch, 
a Colibri LED Illumination system (Carl Zeiss Microscopy) containing 470 nm and 505 nm LEDs was used. 
Thor Labs controllers were connected to a SVB1 signal distribution box (Carl Zeiss Microscopy) that enabled 
LEDs to be controlled through AxioVision (Carl Zeiss Microscopy) for routine epifluorescence applications. For 
optogenetic stimulation on the Patch Pro 2000, a BNC cable connected the Digidata 1440A analog output to DC 
2100 external trigger ports. On the Infrapatch, a BNC cable connected the Digidata 1440A TTL output to the 
Colibri external trigger port; light intensity was manually controlled with the Colibri. Both of these configura-
tions enabled short (0.1–10 ms) 470 nm light pulses to be triggered within Axograph X (Sydney, Australia). For 
optogenetic stimulation of PVHC cells or PVMS-DBB fibers in acute hippocampal slices, the light intensity was 
adjusted to yield comparable IPSC amplitudes. The light intensity used for stimulation of PVHC cells was lower 
than that used for stimulation of PVMS-DBB fibers and terminals ( p < 0.05).

Electrophysiological data analysis. Initial analysis of electrophysiological data was performed in Axo-
graph  X35. Immediately after whole-cell configuration was established, resting membrane potential ( Vm ) was 
determined by averaging over a 10–30 s duration window. Peak and steady state (SS) voltage responses were 
calculated, relative to the baseline voltage preceding the current step, by measuring the peak voltage response in 
the first 200 ms of a 1 s hyperpolarizing current step and measuring the SS response in a 200 ms window at the 
end of the current step, respectively. Input resistance ( Rin ) was calculated from the peak voltage response to a 
− 100 pA current step from − 60 mV. Sag was calculated as the ratio of SS to peak voltage to − 100 or − 200 pA 
current steps from − 60 mV. Membrane time constant ( τm ) was obtained by a single exponential fit of the decay 
of voltage after a − 100 pA current injection. Cell capacitance ( Cm ) was calculated by dividing τm by the peak 
Rin . AP half width was determined from the time to reach 50% of peak to the time to reach 50% during repo-
larization. APs were detected using a derivative threshold by the Event Detection Plug-In Program in Axograph 
X using a threshold setting of 10 mV/ms. First AP half-width and height measures were obtained from the first 
event detected at the lowest current step amplitude. Single-cell AP half-width measurements were taken from 
a 1  s current step, binned in 100 ms increments, and averaged. Subsequently, bins were averaged across cell 
types. Due to the high release probability of the first IPSC amplitude in a train (P1), evoked IPSCs were unam-
biguously detected within a 1–2 ms time window after the 473 nm light pulse, which was readily distinguished 
from spontaneous IPSCs and background noise. Variance–mean analysis was performed similarly to previously 
 described41. Briefly, 20-pulse trains at 5, 10, 20 and 50 Hz were delivered 7 times in semi-random order. The 
variance and mean for P2-P20 at 5, 10, 20 and 50 Hz were gathered and binned using 0.1 × P1 amplitude. The 
variance and mean of P1 together with the binned variance and mean of P2–P20 across all frequencies were fit-
ted with a simple parabolic function:

where σ 2 is the IPSC variance, CV is the intrasite coefficient of variation (fixed at 0.342), q is the quantal IPSC 
amplitude, and NVM is the number of functional release sites.

Release probability ( px ) is the averaged IPSC amplitude for x = 1–20 IPSC amplitudes within 5–50 Hz pulse 
trains. Maximum release probability ( pmax ) is calculated using the equation:

Anti‑GFP and anti‑PV immunocytochemistry. Heterozygous PV-CRE+/−:Rosa26EYFP+/− mice were 
perfused with 60 ml of ice cold phosphate-buffered saline (PBS) containing (in mM: 137 NaCl, 2.7 KCl, 10 Na2 
HPO4 , 2 KH2 PO4 , pH 7.4) followed by 48 ml of 4% paraformaldehyde (PFA; cat # 15714-S, Electron Microscopy 
Sciences Hatfield, PA). After post-fixation in 4% PFA overnight, hippocampal sections (50 μm thickness) were 
cut with a Vibratome VT1000 (Leica Microsystems, Inc.) in normal PBS. Sections were sequentially washed 
3× 5 min in PBS and incubated for 45 min in 0.3% Triton X-100 (in PBS; Fisher Scientific; cat # BP151-500) 

(1)σ 2
= (1+ CV2)qI − I2/NVM

(2)pmax = px/NVMq
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followed by 10% normal goat serum blocking solution (in PBS; cat # S-1000, Vector Labs, Burglingame, CA). 
Free-floating slices were incubated overnight at 4 ◦ C with chicken anti-GFP primary antibody (directed against 
YFP; cat# GFP-1020, 1:4000, Aves Labs, Inc.,Davis, CA, USA) and mouse anti-PV primary antibody (cat# P3088; 
Sigma-Aldrich, St Louis, MO, USA). Slices were then washed 3× 5 min with PBS and incubated with goat anti-
chicken Alexafluor 488 (1:500; cat# A-11039, Life Technologies, Grand Island, NY) and goat anti mouse Alex-
afluor 633 (1:500; cat# A-21050, Life Technologies). Finally, slices were stained with Neurotrace 435/455 (1:100; 
cat# N21479, Life Technologies) for 30 min and coverslipped with Vectashield Hardset Mounting Medium (cat# 
H-1400, Vector Labs). Images were acquired with a Fluoview FV-1000 confocal imaging system (Olympus, 
Center Valley, PA). PV-immunopositive cells and GFP positive cells were identified by their higher signal inten-
sities compared to the background signal and confirmed by their co-localization with Neurotrace. Images were 
processed and counts were performed with ImageJ, Photoshop and Illustrator.

Processing of biocytin‑filled neurons and anti‑GFP immunocytochemistry. Biocytin (0.2%; cat # 
B4261-100MG, Sigma-Aldrich) was included in the recording pipette for post-hoc morphological identification 
of recorded cells. After whole cell recording, an outside-outside out patch was obtained; slices were perfused for 
an additional 5–10 min to allow diffusion of biocytin into subcellular compartments. Slices were fixed overnight 
at 4 ◦ C in PBS containing 4% PFA, transferred to PBS, and kept for up to 2 weeks at 4 ◦ C. After permeabilization 
with 0.3% Triton X-100 in PBS for 2 h at room temperature, slices were incubated in PBS overnight at 16 ◦ C with 
Alexa 633-conjugated streptavidin (final concentration 1 μg/ml, cat # S-21375, Life Technologies) in PBS. Slices 
were cryoprotected overnight in PBS containing 30% sucrose, and then resectioned to 100–150 μm thickness 
using a sliding freezing microtome (HM430, Thermo Scientific, Waltham, MA). After 3× 5 min washes with 
0.3% Triton X-100 in PBS, slices were incubated with a blocking solution (0.05% Triton X-100, 0.1% sodium 
azide, 20% goat serum, in PBS) for 45 min and then incubated overnight in a carrier solution (0.05% Triton 
X-100, 0.1% sodium azide, 1% goat serum, in PBS) containing chicken anti-GFP primary (1:4000). Slices were 
incubated with the secondary antibody goat anti-chicken Alexafluor 488 (1:1000) for 1 hr. After staining with 
Neurotrace 435/455 (1:100) and mounting on gelatin-coated slides in Vectashield (Vector Labs, cat# H-1400), 
sections were imaged with a Fluoview FV-1000 confocal imaging system with a 25× objective (XLPL25XWMP, 
Olympus, Tokyo, Japan) and 60×/1.45 oil objective. Confocal stacks were flat projected, rotated, and cropped in 
Image  J43. To determine co-localization points of PV terminals and biocytin filled cells, acquired images (60× , 
800 dpi, 0.2 μm interval for z-axis) were deconvolved using Huygens 4.2 (SVI, Netherlands). Co-localization 
points were generated using the colocalization plug-in in Image J. Co-localization points were re-confirmed in 
3D by verifying that colocalization points were apposed to ChETA-YFP positive boutons at the somatodendritic 
surface and a ChETA-YFP positive fiber passed through the colocalization point.

Chemical reagents. DL-APV was obtained from R&D (R&D Systems, Minneapolis, MN). All other chem-
ical reagents were purchased from Sigma-Aldrich (St. Louis, MO).

Mathematical modeling of STD at PV
MS-DBB

 and PV
HC

 synapses. For modeling both the PVHC and 
PVMS-DBB STD data, we employed a two-dimensional discrete dynamical system originally developed for mod-
eling CA1 PV basket cell (BC)-CA1 pyramidal cell  transmission41,44. The models were implemented in Matlab 
(MathWorks, Natick, MA), and the Markov Chain Monte Carlo (MCMC) parameter estimation techniques were 
incorporated using the MCMC toolbox for Matlab available  online44. For both PVMS-DBB and PVHC synapses, a 
nonlinear optimization was performed using average release proability ( pr ) values from both the STD data set (4 
frequencies × 20 trains/frequency = 80 values) and the recovery from paired pulse depression (PPD; P1 and P2 
values from 6 interpulse intervals) data set. The parameter � , defined as the ratio of the increase in [ Ca2+ ] after 
a stimulus δc divided by baseline [ Ca2+ ] level in the absence of a  stimulus41,44, was assumed be invariant during 
STD ( � fixed to 1) for both PVMS-DBB and PVHC synapses. The convergence criterion was set to 1.0e−4; optimi-
zation was achieved after 182–285 iterations. After optimization, MCMC analyses were performed with Markov 
chain lengths of 50,000–150,000. Final parameters are represented by the means and standard deviations of the 
sampled MCMC chains (Table 1).

Statistical analysis. Statistical analyses were performed with Prism 6 (Graphpad Software, Inc., La Jolla, 
CA). Depending on the results of Shapiro–Wilk normality tests, paired t tests or Wilcoxon matched pairs signed 
rank tests were performed on parametric or nonparametric groups, respectively. For unpaired tests, unpaired t 
tests or Mann–Whitney tests were used. Parametric or non-parametric one-way ANOVA or two-way ANOVA 
was used for data with more than two groups, when appropriate. All data were presented as means ± SEM 
(n = number of recordings) with significance set at p < 0.05.

Results
PV

MS-DBB
 neurons are distinct from SOM

MS-DBB
 and ChAT

MS-DBB
 neurons. We first sought to 

examine parvalbumin-positive MS-DBB ( PVMS-DBB ) neurons relative to other neurochemically identified 
cell types within MS-DBB. PVMS-DBB neurons were visualized by crossing PV-CRE and Rosa26EYFP reporter 
 lines35. As expected from reported anti-PV labeling in  rat18,19,45–47 and viral expression in PV-CRE  mice48, 
PVMS-DBB neurons were localized near the MS midline and were generally absent from the lateral septal nucleus 
(LSN; Fig.  S1A). To compare PVMS-DBB neurons to other GABAergic cell types in MS-DBB, we crossed the 
same Rosa26EYFP reporter line with ChAT-CRE and SOM-CRE mice, enabling the visualization of acetyl-
choline- ( ChATMS-DBB)28 and somatostatin ( SOMMS-DBB)-positive subtypes. In contrast to PVMS-DBB neurons, 
SOMMS-DBB (Fig. S1B) and ChATMS-DBB (Fig. S1C) neurons were found more diffusely distributed in MS-DBB 
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and LSN than PVMS-DBB cells. Consistent with our previous  study35, hippocampal parvalbumin-positive ( PVHC ) 
neurons exhibited anti-PV immunoreactivity (Fig.  S2A–C). Similarly, PVMS-DBB neurons identified through 
YFP labeling were also PV-immunoreactive (Fig. S2D–F) and appeared to be distributed differently than YFP-
positive SOMMS-DBB and ChATMS-DBB populations (Fig. S1B and S1C). At higher magnification, anti-PV immu-
noreactivity appeared less intense and more variable in PVMS-DBB neurons (25.9%) than PVHC cells (85.0%), 
though anti-GFP labeling against YFP was intense for both PVHC and PVMS-DBB populations (Fig. S2). Overall, 
differences in the localization of PVMS-DBB and ChATMS-DBB subtypes are consistent with previous studies in 
 rat15,18,49 and  mouse50,51. Due to their different localization within MS-DBB and little overlap with anti-PV neu-
rons, SOMMS-DBB neurons appeared to be a distinct subpopulation compared to PVMS-DBB neurons (Fig. S1B4). 

To investigate whether PVMS-DBB neurons had intrinsic membrane properties distinct from SOMMS-DBB and 
ChATMS-DBB subtypes, we performed whole-cell current clamp recordings from visually identified YFP-positive 
neurons. In a representative PVMS-DBB neuron, (Fig.1A1–3), depolarizing current steps of +100 pA (Fig.1A4) and 
+300 pA (Fig.1A5) amplitude evoked AP trains that were characteristic of a fast-spiking PV  phenotype52–54. A 
−300 pA current step revealed a hyperpolarization-induced sag that was followed by a rebound spike. A similar 
current clamp protocol was performed on SOMMS-DBB and ChATMS-DBB neurons. Upon injection of a +100 pA 
current step, high frequency firing was readily elicited in the SOMMS-DBB neuron (Fig. 1B4). However, during a 
+300 pA current step, action potential amplitudes decreased (Fig. 1A5). ChATMS-DBB neurons elicited accommo-
dating action potentials at +100 and +300 pA current steps (Fig. 1C4–5). An overlay of AP waveforms (Fig. 2A) 
and their respective phase plots (Fig. 2B) suggested that PVMS-DBB , SOMMS-DBB , and ChATMS-DBB neurons were 
distinct cell populations. Within these populations, AP half-width was constant ( p > 0.05 ) over the 1 s current 
step. However, PVMS-DBB neurons exhibited a shorter AP half-width ( 0.52± 0.5 ms) than ChATMS-DBB neurons 
( 1.25± 0.07 ms, p < 0.0001 , Kruskal–Wallis test, followed by Dunn’s multiple comparisons test; Fig. 2C).

A quantitative examination of PVMS-DBB , SOMMS-DBB , and ChATMS-DBB populations demonstrated differences 
in AP frequency across a range of 0.1–1.2 nA current steps (Fig. 2D). In the PVMS-DBB population (Fig. 2D, red), 
AP frequency increased linearly over 0.1–1.1 nA steps ( 0.16± 0.02 Hz/pA, R2 = 0.33 , p < 0.0001 , n = 9). In 
the SOMMS-DBB population, AP frequency increased linearly during the first 0.1–0.4 nA steps ( 0.37± 0.06 Hz/
pA, R2 = 0.50 , p < 0.0001 ; Fig. 2D, black), achieving a peak firing frequency of 142± 27 Hz at 400 pA, similar 
to PVMS-DBB neuron peak firing ( 171± 44 Hz at 1100 pA) (p = 0.59, unpaired t test, t(13) = 0.56). However, 
in contrast to PVMS-DBB neurons, SOMMS-DBB neurons did not maintain a linear increase in AP frequency 
over 0.1–1.1 nA steps ( 0.022± 0.024 Hz/pA, R2 = 0.008 , p = 0.36). Rather, a decrease in AP frequency across 
0.4–1.1 nA current steps ( − 0.14± 0.04 Hz/pA, R2 = 0.127 , p = 0.002, n = 9) was observed, resulting in a much 
lower AP frequency at 1.1 nA ( 53± 16 Hz) relative to that of PVMS-DBB neurons (p = 0.036, unpaired t test; 
Fig. 2D, black), suggestive of sodium channel inactivation. For the ChATMS-DBB population, a 1 s long, +100 pA 
current step generated low frequency APs ( 2.8± 0.9 Hz), consistent with previous  reports55,56. Across 0–1.1 nA 
steps, on average, ChATMS-DBB cells did not exhibit a linear increase in AP frequency ( R2 = 0.002 , p = 0.75, 
n = 5), with only 1–2 APs observed at large (0.3–1.1 nA) current steps (Fig. 2D, blue).

SOMMS-DBB neurons displayed higher peak input resistance ( Rin ; 308.7± 46.1 M� ) than PVMS-DBB 
( 158.0± 26.0 M� , p = 0.005) neurons in response to a hyperpolarizing (−100 pA) current step (Fig. 2E,F; 
Table S1). Peak voltage deflections were significantly larger than steady-state voltage responses were observed 
in PVMS-DBB (paired t test, t(8) = 2.9, p = 0.02, n = 9), SOMMS-DBB (paired t test, t(8) = 4.6, p = 0.002, n = 9), and 
ChATMS-DBB (Wilcoxon matched pairs signed rank test, W(10) = 55, p = 0.002, n = 10) neurons (Fig. 2F), indi-
cating that all cell types displayed detectable sag upon hyperpolarization. Rebound spikes were observed in the 
majority of PVMS-DBB and SOMMS-DBB neurons (Table S1, 2F, open stars), consistent with HCN channel expres-
sion in PVMS-DBB and other MS-DBB GABAergic  neurons31,57. Although hyperpolarization-induced sag was 
detected in ChATMS-DBB neurons, this population exhibited a significantly lower sag ratio (SS/peak; 0.94± 0.01 ) 
than PVMS-DBB ( 0.78± 0.04 , p = 0.010) or SOMMS-DBB neurons ( 0.82± 0.04 , p = 0.032, Holm–Sidak’s multiple 
comparison’s test), suggestive of a relatively low density of HCN  channels31,57. However, ChATMS-DBB  neurons57 
exhibited strong steady-state inward rectification (p = 0.63, comparing voltage at −200 and −300 pA current 
steps), indicating the presence of inward rectifier potassium  channels58. Despite major differences in AP fir-
ing (Fig. 2C,D), Rin was not significantly different between SOMMS-DBB ( 308.7± 46.1 M� ) and ChATMS-DBB 
( 352± 17 M� ) neurons (p = 0.33, one-way ANOVA, followed by Holm–Sidak’s multiple comparisons test). Vm 
(p = 0.21, one-way ANOVA), holding current at − 60 mV (p = 0.079, Kruskal–Wallis test), Cm (p = 0.062, one-
way ANOVA), and membrane time constant (p = 0.084, Kruskal–Wallis test) were not significantly different 
across PVMS-DBB , SOMMS-DBB and ChATMS-DBB populations (Table S1).

In summary, PVMS-DBB neurons were distinguished from SOMMS-DBB and ChATMS-DBB neurons on the basis 
of Rin and hyperpolarization-induced sag (Fig. 2F). Moreover, PVMS-DBB neurons exhibited shorter AP half-width 
than SOMMS-DBB and ChATMS-DBB neurons (Fig. 2C).

Expression of ChETA‑YFP induces action potentials in PV
MS-DBB

 and PV
HC

 neurons. To inves-
tigate PVMS-DBB-mediated synaptic transmission in the hippocampus, we stereotaxically injected ChETA-YFP 
 AAV40 into the MS-DBB of PV-CRE mice. To compare with PVHC-mediated transmission, we also made stere-
otaxic injections into the hippocampus. MS-DBB cells in live slices were confirmed to express ChETA-YFP 
(Fig. S3A,B). In the presence of ionotropic glutamate receptor (DNQX, APV) and GABAA receptor (gabazine) 
blockers, light flashes of 0.1–10 ms duration generated photocurrents with rapid onset and decay (Fig. S3D; 
τon = 0.32± 0.03 ms, τoff = 4.17± 0.21 ms for 0.1 ms light pulse (black), n = 3). Light pulses of 1–2 ms duration 
optimally evoked single APs with excellent temporal  precision40, whereas longer duration (5–10 ms) light pulses 
triggered multiple APs (Fig.  S3C). Suprathreshold spikes were elicited from 5 additional ChETA-expressing 
PVMS-DBB cells. PVMS-DBB neurons that expressed ChETA-YFP possessed fast spiking phenotypes ( 184± 9 Hz 



6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2117  | https://doi.org/10.1038/s41598-020-80245-w

www.nature.com/scientificreports/

at 700 pA; Fig. S3E,F) and brief AP half widths ( 0.39± 0.03 ms; n = 6), which did not differ significantly from 
PVMS-DBB neurons labeled through the YFP reporter line (Fig. 2C; p = 0.26, U(17) = 13, Mann–Whitney U). 
This experimental design is similar to a previous report in which ChETA-YFP was used in vitro59. Similar to 
PVMS-DBB neurons, several representative PVHC neurons expressing ChETA-YFP had axonal arborizations tar-
geting the PC layer, consistent with PVHC basket cells (Fig. S3G,H), which elicited APs upon optogenetic stimu-
lation (Fig. S3K).

Repetitive optogenetic stimulation of PV
MS-DBB

 synapses induces STD of IPSCs onto CA1 stra‑
tum oriens interneurons. Hippocampal somatostatin (SOM)-containing interneurons of the CA1 stratum 
oriens (SO) are targeted by MS-DBB GABAergic  neurons16,60 and receive sensory information from these neu-
rons during behaviorally salient  events5. Therefore, we focused our efforts on interneurons within the CA1 SO, 

Figure 1.  Passive and active properties of PVMS-DBB , SOMMS-DBB and ChATMS-DBB neurons. Images of (A1) 
live YFP, (A2) live IR-Dodt contrast, and (A3) flat-projected confocal stack of the representative PVMS-DBB 
neuron in (A1)–(A2) after post-hoc recovery of intracellular biocytin labeling. Inset depicts the cell location 
(asterisk) within MS-DBB. (A4) Voltage responses to −300 and +100 pA and (A5) +300 pA currents illustrate 
the fast-spiking phenotype of the PVMS-DBB and hyperpolarization-induced sag accompanied by a rebound 
spike. The PVMS-DBB neuron was maintained at −60 mV with the introduction of negative bias current. 
Representative (B) SOMMS-DBB and (C) ChATMS-DBB neurons, formatted similarly to (A), exhibit differences in 
intrinsic properties.
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Figure 2.  PVMS-DBB neurons are distinct from SOMMS-DBB and ChATMS-DBB neurons. Overlaid are (A) 
normalized AP waveforms and (B) phase plots of APs of representative PVMS-DBB (red), SOMMS-DBB (black) 
and ChATMS-DBB (blue) neurons. (C) AP half-width measurements during a 1 s long current step (+400 pA 
for PVMS-DBB and SOMMS-DBB cells; +100 pA for ChATMS-DBB cells; 0.1 s bin). (D) Average AP frequencies 
generated in response to 1 s long, +100–1200 pA current steps from −60 mV. (E) Peak (closed circles) and 
steady-state (SS; open symbols) voltage responses to 1 s long −100 to −300 pA from −60 mV. To reveal 
rectification of voltage responses, Ohmic linear regression lines from zero to the peak voltage response at 
the −100 pA current step are shown. (F) A plot of sag ratio (SS/peak) vs. input resistance ( Rin ) distinguishes 
neurochemically distinct MS-DBB cell types. Open and closed symbols denote individual cells and population 
means, respectively. Open stars indicate neurons that exhibited hyperpolarization-induced rebound spikes.
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which are enriched in this SOM interneuron  population54. Optogenetically evoked IPSCs from PVMS-DBB affer-
ents were detected in 20/52 (38.5%) of SO interneurons. A representative recording from a CA1 SO interneuron 
is shown in Fig. 3. Post-hoc recovery of the biocytin-filled SO interneuron (red), combined with visualization of 
ChETA-YFP synapses, enabled us to estimate the number of synaptic contacts (white dots, indicated by white 
arrows) onto the recorded SO interneuron (Fig. 3A). In response to trains of 20 light pulses (1 ms duration) at 
5–50 Hz, inhibitory postsynaptic currents (IPSCs) were evoked with rapid onset and rise, consistent with mono-
synaptic PVMS-DBB-mediated transmission (Fig. 3B–E). On average, initial IPSCs (P1) were large (415–601 pA) 
and robust. The second (P2) and subsequent (P3–P20) IPSCs were reduced in amplitude relative to P1, gener-
ally inducing paired pulse depression (PPD) and short-term depression (STD) at 5–50 Hz (Fig. 3B–E). Taking 
advantage of the stochastic nature of transmitter release, we employed variance–mean  analysis42,61,62 to obtain 
the maximal pr ( pmax ), quantal amplitude (q), and number of functional release sites ( NVM ) at PVMS-DBB syn-
apses. Consistent with a high pmax , P1 amplitudes (Fig. 3B–E) were of high mean and low variance (Fig. 3F). 
Over the course of the trains, IPSC amplitudes ultimately clustered in a two-dimensional region of low variance 
and mean (Fig. 3F), suggesting depletion of the synaptic vesicle pool during the trains. After grand means and 
variances were fitted to Eq. (1) (see “Methods”), pmax was 0.87, q was 22.7 pA, and NVM was 10.3 (Fig. 3G). The 
NVM was in close correspondence with potential actual contact (AC) points ( NAC , 9)(Fig. 3A, white arrows). 
In another SO interneuron, (Fig. 4A), NAC was 50 (Fig. 4D), consistent with the proportionally larger increase 
in calculated NVM of 55.6 (Fig. 4B–G). Of 12 SO interneurons with completed variance–mean analysis, 4 were 
successfully recovered. Among these 4 recovered cells, axonal arborizations of two cells (Figs. 3, 4, Fig. S4) were 
observed in the SLM layer, defining them as O-LM cells. Axonal arborizations were not detected in the other two 
cells, likely due to severing of the axon during the preparation of acute slices. 

As a population, optogenetic stimulation of PVMS-DBB afferents resulted in large P1 IPSC amplitudes 
(252–284 pA) in CA1 SO interneurons that were consistent in amplitude across all frequencies (repeated meas-
ures one-way ANOVA; p = 0.58, F(2.7,21.8) = 0.64, Fig. 5 A). PVMS-DBB synapses exhibited robust paired pulse 
depression (PPD) at all frequencies (5 Hz: p = 0.005, t(10) = 3.64, n = 11; 10 Hz: p = 0.002, t(10) = 4.23, n = 11; 
20 Hz: p = 0.001, W(10) = - 66.0, n = 11; 50 Hz: p = 0.003, t(9) = 4.0, n = 10). Moreover, at each frequency, the 
coefficient of variation (CV) for P2 was larger than P1 ( p < 0.05 , Wilcoxon matched-pairs signed rank test), 
suggesting a presynaptic mechanism. Similarly, STD was observed at all frequencies (Friedman test, p < 0.0001 , 
n = 11; Fig.5A), which was accompanied by a significant increase in CV at steady-state (P1 vs. the average of 
P11–20, p < 0.01 , n = 11, 11, 11, 10 for 5 Hz, 10 Hz, 20 Hz, 50 Hz respectively, Wilcoxon matched-pairs signed 
rank test; Fig. 5C). Therefore, both PPD and STD results are consistent with a presynaptic locus.

The high initial pr implied by the low variance of P1 permitted variance–mean (V–M) analysis (Fig.3G), allow-
ing us to estimate the quantal amplitude (q: 36.4± 6.0 pA), maximum release probability ( pmax : 0.64± 0.07 ) 
and number of functional release sites ( NVM : 15.4± 4.0 ) for a population of 12 postsynaptic SO interneurons 
(n = 12; Table S1). In four SO interneurons that allowed a complete post-hoc analyses of ChETA-positive ter-
minals apposed to the somatodendritic domains of biocytin-filled cells, NAC was calculated to be 17.8± 10.8 , 
which was not significantly different than the calculated NVM ( 19.8± 12 , Wilcoxon matched-pairs signed rank 
test, p = 0.38, n = 4) for these cells. Dividing P1–P20 IPSC amplitudes (Fig. 5A) by the maximum IPSC ampli-
tude possible (N*q) enabled us to calculate pr during the train (Fig. 5B). As an independent measure of N, we 
calculated the number of functional release sites in the readily releasable pool ( NRP ) by dividing the cumulative 
IPSC amplitude by q ( NRP = 17.2± 2.3 , n = 12; Fig.5D). There was no significant difference in N, as measured 
by NAC , NRP or NVM (Kruskal–Wallis test, p = 0.41, followed by Dunn’s multiple comparisons test). We conclude 
that repetitive optogenetic stimulation of PVMS-DBB synapses at 5–50 Hz evokes large, depressing IPSCs onto 
CA1 SO interneurons.

Repetitive optogenetic stimulation of PV
HC

 synapses induces STD of IPSCs onto CA1 PCs. To 
investigate synaptic dynamics at PVHC synapses using a similar approach, we injected ChETA-YFP AAV into 
the CA1 hippocampus of PV-CRE mice. ChETA-YFP fibers and synaptic terminals were detected in all hip-
pocampal layers (Fig. 6A,B), likely indicating synaptic contributions of different PV interneuron subtypes that 
target different regions of the somatodendritic domain of CA1 PCs, including PV basket cells (PV BC), PV 
bistratified (PV BiS) cells, chandelier (axoaxonic) cells, and a subset of PV-containing O-LM  cells35,63,64. Depress-
ing IPSCs were readily evoked from PVHC synapses from CA1 PCs (Fig. 6C–F). In one cell (Fig. 6A), post-hoc 
immunocytochemical analysis showed many points of co-localization in perisomatic (Fig. 6B1) and dendritic 
(Fig. 6B2) regions of the recorded CA1 PC, consistent with contributions of PV-mediated perisomatic and den-
dritic synapses. V–M analysis on PVHC-mediated IPSCs (Fig. 6G,H) was performed in the same manner as with 
PVMS-DBB synapses (Fig. 3F,G). Of 46 recorded CA1 PCs, 36 cells responded to light simulation (78.3%). Light 
pulse trains at 5–50 Hz elicited large IPSCs with low variance which were depressing upon repetitive stimula-
tion (Fig. 5E), lowering pr in an activity-dependent manner (Fig. 5F). Consistent with a presynaptic locus, CV 
increased during 5–50 Hz trains (P1 vs. the average of P11–20, p < 0.01 for all 5–50 Hz trains, n = 14, 17, 16, 
19 for 5 Hz, 10 Hz, 20 Hz, 50 Hz respectively,Wilcoxon matched-pairs signed rank test; Fig. 5G). CV of IPSCs 
from PVHC synapses (Fig. 5G) was comparable to CV of IPSCs generated from PVMS-DBB synapses at all pulses 
of all frequencies (Two-way ANOVA, p > 0.05 , followed by Sidak’s multiple comparisons test) (Fig. 5C). As in 
Fig. 5D for PVMS-DBB synapses, NRP for PVHC synapses was calculated to be 32.8± 8.6 (Fig. 5H), which was 
not significantly different than the NVM of 22.8± 5.9 for PVHC synapses (Table S2). Access resistance ( Ra ) of 
recorded PCs was similar with that of SO interneurons ( 9.3± 0.7 vs. 10.7± 1.1 M� ; n = 19, n = 12; t(29) = 0.59, 
p = 0.56, unpaired t test). Similarly, Ra did not correlate with PPD magnitude, consistent with adequate voltage 
clamp. VM analysis revealed a higher pmax at PVHC ( 0.87± 0.04 , n = 19) than PVMS-DBB ( 0.64± 0.07 , n = 12) 
synapses (Table S2; p = 0.01, U(29) = 52, Mann–Whitney test). However, a statistical comparison of NVM (MS-
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Figure 3.  PVMS-DBB transmission onto a representative hippocampal CA1 stratum oriens interneuron. (A) 
Post-hoc recovery of a biocytin filled cell. Co-localization points of potential actual contact (red/greed overlap 
depicted in white) of ChETA-YFP axons (green) and biocytin-filled cell (red) are indicated by white arrows. (A1, 
inset) Live IR Dodt contrast of the recorded CA1 SO cell. (A2) magnified image of the cell body. (B–E) 5, 10, 
20 and 50 Hz (20 pulses of 1 ms duration, depicted as blue short lines) 470 nm light pulse trains evoked IPSCs 
(raw traces,grey; average trace, colored). Each train was repeated 7 times. (F) The peak variance (V) and mean 
(M) was computed for each pulse in each train in (B–E). In (F), 20 VM points are shown for (red) 5 Hz, (yellow) 
10 Hz, (blue) 20 Hz and (green) 50 Hz conditions, with each point representing the M and V of 7 individual 
IPSCs. VM points in F are binned in 20 pA increments (G). Assuming an intrasite quantal variance of 0.342, the 
V–M relationship was fit by the parabolic function δ2 = (1+ CV2)qI − I2/N , where δ2 is the variance, I is the 
mean, N is the number of functional release sites, CV is the intrasite coefficient of variation, and q is the quantal 
amplitude.
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DBB: 15.4± 4.0 ; HC: 22.8± 5.9 , p = 0.35, U(29) = 91) and q (MS-DBB: 36.4± 6.0 pA; HC: 55.0± 12.0 pA; 
p = 0.86, U(29) = 109, Mann–Whitney U) revealed no significance between PVMS-DBB and PVHC synapse types 
(Table S2). In an attempt to directly compare the efficacy of PVHC to PVMS-DBB transmission within the same cell 
population, we also recorded from CA1 SO interneurons. However, we did not observe optogenetically-evoked 
IPSCs in SO interneurons (0/5), suggesting that SO interneurons are not major targets of axons from local PV 
interneurons subtypes. This observation is consistent with O-LM cells receiving local GABAergic input pre-
dominantly from VIP  interneurons25.

PV
MS-DBB

 synapses are more resistant to STD at gamma frequencies compared to PV
HC

 syn‑
apses. To determine how much STD differed between PVMS-DBB (n = 12) and PVHC synapses (n = 19), we 

Figure 4.  A second example of PVMS-DBB transmission onto a hippocampal CA1 stratum oriens interneuron. 
(A–G) are formatted similarly to Fig. 3. (A) A larger number of potential actual contacts were observed, which 
correlated with (G) a larger number of release sites extracted from VM analysis.
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normalized P1 amplitude and examined the relative extent of PPD and STD during IPSC trains (Fig. 7A–E). 
No difference in PPD or STD was observed at 5 Hz (Fig. 7A; p > 0.05 ) or 10 Hz (Fig. 7B; p > 0.05 ) stimula-

Figure 5.  Frequency-dependence of PVMS-DBB and PVHC-mediated transmission. (A) PVMS-DBB IPSC 
amplitude induced by optogenetic stimulation at 5 Hz (red), 10 Hz (yellow), 20 Hz (blue), and 50 Hz (green). 
(B) Release probability ( pr ; IPSC amplitudes divided by Nq) across the P1–P20 pulse train at different 
frequencies. (C) Coefficient of variation (CV; SD/mean) for 5–50 Hz frequencies. (D) Cumulative ISPC 
amplitude (I) divided by quantal amplitude (q) for 5-50 Hz frequencies. Inset, linear fitting from last 5 pulse 
estimate the number of release sites at the intercept. (E–H) IPSC amplitude, pr , CV, and cumulative I/q for PVHC 
neurons with the same format as (A–D).
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tion (multiple t test). However, significant differences emerged at 20 Hz ( p < 0.05 for P2, 3 and 4; Fig. 7C) and 
50 Hz ( p < 0.001 for P2 and 3; multiple t test, Fig. 7D). At 20 Hz, PPD was larger at PVHC ( 0.60± 0.05 , n = 16) 
than PVMS-DBB ( 0.75± 0.04 , n = 11) synapses (p = 0.011; Fig. 7C). At 50 Hz, PPD was also larger at PVHC 
( 0.44± 0.05 , n = 19) than PVMS-DBB ( 0.62± 0.07 , n = 10) synapses (p = 0.0008, Fig. 7D). Significant differences 
were also observed for P3–P4 at 20 Hz and P3 at 50 Hz ( p < 0.05 ) but were not significant later in the train 
( p > 0.05 at P5–20, multiple t test). These results suggest that, relative to PVHC synapses, resistance to STD at 
PVMS-DBB synapses is greatest during short bursts of 2–4 APs at 20–50 Hz.

To determine whether PVMS-DBB and PVHC synapses differed in the extent of STD, we examined steady-state 
depression (SSD; average of P16–P20) at 10–50 Hz, normalized to the extent of STD at 5 Hz (Fig. 7E). SSD 
depended on frequency at both PVMS-DBB and PVHC synapses, as indicated by a significantly larger SSD at 50 Hz 
(one-way ANOVA, p = 0.025, p < 0.0001 , respectively followed by Dunnett’s multiple comparisons test). How-
ever, in contrast to PVHC synapses (p = 0.0017), SSD observed at 20 Hz was not significantly different than 5 Hz 
at PVMS-DBB synapses (one way ANOVA, p = 0.853, followed by Dunnett’s multiple comparisons test; Fig. 7E).

This intriguing difference in PPD between PVMS-DBB and PVHC synapses led us to investigate the time 
course of recovery at these synapses. We monitored PPD while varying the interpulse interval at PVMS-DBB 
and PVHC synapses (Fig. 7F,G). Both PVMS-DBB and PVHC (Fig. 7F) synapses exhibited PPD at 20–1000 ms 
intervals ( p < 0.05 , one-sample t test). PPD was  reduced at PVMS-DBB synapses for paired stimulation in the 
gamma range (p = 0.0005 and p = 0.021 for 20 and 50 Hz, Mann Whitney test and unpaired t test respectively). 
Collectively, these observations lead to the conclusion that PVMS-DBB synapses more effectively transmit short 
bursts at gamma frequency than PVHC synapses. Finally, we found that PVMS-DBB-mediated IPSCs exhibited a 
faster decay time constant ( 8.5± 1.3 ms, n = 12) than PVHC-mediated IPSCs ( 13.1± 0.07 ms; p = 0.023, n = 13, 
unpaired t test). However, there was no significant difference in average IPSC rise-time (10–90%) between 
PVMS-DBB ( 1.01± 0.09 ms) and PVHC ( 0.95± 0.10 ms; p = 0.62, unpaired t test) synapses. The similarity in IPSC 
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Figure 6.  Hippocampal PV-mediated ( PVHC ) transmission onto a CA1 pyramidal cell (PC). (A) Flat-projected 
confocal image displaying (red) a post-hoc biocytin-filled CA1 PC and (green) ChETA-YFP-containing PVHC 
fibers and terminals, counterstained with (blue) Neurotrace 435/455. Inset, Live IR Dodt contrast image of the 
recorded CA1 PC. (B1,B2) Expanded images from dotted boxes in A, showing co-localization (white) of (green) 
ChETA-YFP PVHC terminals and (red) the recorded CA1 PC. Representative light pulse trains (1 ms duration, 
20 pulses (P1–P20), repeated 7 times) at (C) 5 Hz, (D) 10 Hz, (E) 20 Hz, and (F) 50 Hz (raw traces, grey; 
average, colored). (G) The variance (V) and peak mean (M) was computed for each pulse in each pulse train 
in (C–F). In G, 20 raw VM points are displayed for (red) 5 Hz, (yellow) 10 Hz, (blue) 20 Hz and (green) 50 Hz 
conditions, with each point representing the M and V of 7 individual IPSCs from P1–P20. (H) VM plots from G 
are binned in 20 pA increments. The VM relationship was fit by a parabolic function (see “Methods” and Fig. 3 
legend), enabling estimation of the number of functional release sites (N), release probability (p), and average 
quantal amplitude (q).
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rise time suggests that electrotonic location alone cannot fully account for differences in IPSC decay time between 
PVMS-DBB and PVHC synapse types. Differences in GABAA receptor subunit composition and/or synaptic release 
kinetics may contribute as well.

Figure 7.  Distinct short-term depression (STD) dynamics at PVMS-DBB and PVHC synapses. Normalized 
optogenetically-evoked IPSC amplitude of P2–P20 relative to P1 amplitude at 5 Hz (A), 10 Hz (B), 20 Hz (C), 
and 50 Hz (D) from PVMS-DBB (red) and PVHC (blue) synapse types. * denotes p < 0.05 (multiple  t test). (E) 
Bar graph showing differences in steady state depression (SSD; normalized to average of 16–20th pulses at 
5 Hz) of IPSCs at 5–50 Hz frequencies for PVMS-DBB and PVHC synapse types. (F) Recovery from paired-pulse 
depression (PPD) for representative PVMS-DBB (red) and PVHC (blue) synapse types. Traces are aligned to P1, 
with a variable delay (20, 50, 100, 500 ms shown) for P2. (G) Paired pulse ratio (average P2/average P1) for 
different intervals (20, 50, 100, 500, 1000 and 3000 ms) from (red) PVMS-DBB and (blue) PVHC synapse types. 
The shortest PPR intervals (20 ms and 50 ms) were significantly different for (red) PVMS-DBB and (blue) PVHC 
synapses (unpaired t test, n = 12 and n = 13, respectively, p < 0.05 ; denoted by asterisks).
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PV
MS-DBB

 and PV
HC

 synapse models differ in calcium‑dependent recovery from STD. To gain 
mechanistic insights into underlying activity-dependent differences in STD dynamics between PVMS-DBB and 
PVHC synapses, we combined mathematical modeling with Bayesian parameter estimation techniques, follow-
ing our earlier work at PV basket cell  synapses44. After parameters were fit by minimizing the mean square error 
between the models and the data (see “Methods”), PVHC and PVMS-DBB models adequately captured the initial 
pr , frequency-dependence of STD, and frequency-dependence of SSD across each of the four frequencies exam-
ined (5, 10, 20, and 50 Hz; Fig. S5). The kinetic parameters for PVMS-DBB and PVHC models are summarized in 
Table 1. Comparing the PVHC and PVMS-DBB model parameters, Kr (which controls the rate of calcium depend-
ent recovery from depression) is approximately 6-fold larger at PVMS-DBB synapses than PVHC synapses, suggest-
ing that recovery from depression is more sensitive to calcium accumulation at PVMS-DBB than PVHC synapses. 
The performance of the models across frequencies is shown graphically in Fig. 8. For each synapse type, the time 
course of the calcium transient, C (Fig. 8A) and the fraction of readily-releasable vesicles available, R (Fig. 8B), 
are  shown44. The frequency-dependent summation of C is comparable between PVHC and PVMS-DBB synapse 
types. Consistent with the requirement of calcium-dependent recovery (CDR) to fit STD data from synaptically 
connected PV BCs-CA1 PC  pairs41,44, using a constant calcium-independent rate of recovery increased the resid-
ual error of the PVHC model (not shown). Therefore, both PVHC and PVMS-DBB models require CDR but differ 
in the extent that CDR contributes to STD. The lower initial pr at PVMS-DBB synapses helps to protect R from 
depletion (Fig. 8C). Upon repetitive stimulation at 5 Hz, PVHC synapses have a higher calcium-independent rate 
of recovery ( kmin ) than PVMS-DBB synapses, partially offsetting the enhanced pr and profound depletion of R at 
PVHC synapses. However, at 20 and 50 Hz frequencies, the larger Kr of PVMS-DBB synapses enables PVMS-DBB 
synapses to respond to increased calcium accumulation with an enhanced CDR rate. In contrast, Kr is readily 
saturated at PVHC synapses and becomes relatively insensitive to additional calcium accumulation at 20 and 
50 Hz, worsening depletion of R at these frequencies relative to PVMS-DBB synapses (Fig. S6). These differences 
may partly explain experimental differences between PVHC and PVMS-DBB synapses observed in the initial stages 
of STD at 20 Hz (Fig. 7C) and 50 Hz (Fig. 7D), and recovery from PPD (Fig. 7G).

Discussion
In this study, we used patch-clamp electrophysiology and optogenetics to investigate the cellular and synaptic 
properties of PVMS-DBB neurons. PVMS-DBB neurons exhibited a fast spiking phenotype that was distinct from 
SOMMS-DBB and ChATMS-DBB cells. To examine frequency-dependent synaptic dynamics at PVMS-DBB synapses, 
we optogenetically investigated PVMS-DBB-transmission across a range of physiological firing frequencies, induc-
ing IPSCs in CA1 SO interneurons. Using similar stimulation protocols, we also examined the frequency-depend-
ence of  PVHC-mediated transmission onto CA1 pyramidal cells. PVMS-DBB synapses exhibited greater resistance 
to STD during high frequency gamma bursts than at PVHC synapses. Mathematical synapse models demonstrated 
that resistance to STD at PVMS-DBB synapses can be explained by greater sensitivity to calcium accumulation, 
accelerating calcium-dependent recovery from depression.

Previous studies in rat MS-DBB classified neuronal types as slow-firing, burst-firing or fast-firing55,65,66. Simi-
lar to fast-spiking neurons in mouse MS-DBB67 and basal  forebrain68, PVMS-DBB neurons had low Rin , large Cm , 
low sag ratio, and a narrow AP half-width. These properties were distinct from SOMMS-DBB and ChATMS-DBB 
neurons (Figs. 1, 2; Table S1). Consistent with rat MS-DBB GABAergic  neurons31,57,66,67, sag was common to 
both SOMMS-DBB and PVMS-DBB neurons. The combination of low Rin , large Cm , and brief AP half-width allows 
PVMS-DBB neurons to tolerate larger currents and sustain higher frequency firing than SOMMS-DBB neurons 
(Fig. 1A), which likely contribute to the firing properties of PVMS-DBB neurons in vivo30,31 and permit faithful 
propagation of information to the  hippocampus5. Despite the lower Rin of PVMS-DBB neurons, the sag ratio 
between SOMMS-DBB and PVMS-DBB neurons was similar (Table S1), suggesting a higher HCN channel density 
in PVMS-DBB than SOMMS-DBB neurons. Therefore, Kv3.169 and HCN1/231 expression are likely key molecular 
determinants of fast-spiking and  pacemaking31 ability of PVMS-DBB neurons. Consistent with the wider AP 
half-width, SOMMS-DBB neurons may form a fast-spiking, accommodating class of MS-DBB  neurons65 that 
contain conductances involved in spike accommodation that are not present in PVMS-DBB  neurons70. Although 
PVMS-DBB and ChATMS-DBB populations are considered mutually exclusive (Fig. S1), anti-ChAT labeling (not 
shown) suggested some overlap between ChAT and SOM populations, raising the possibility that SOMMS-DBB 
neurons also co-release ACh. Future single cell transcriptomics studies will inform the diverse classes of MS-
DBB subtypes suggested here. In addition to electrophysiological differences, these neurochemically distinct 
cell populations were differentially localized within MS-DBB. Consistent with studies in rat MS-DBB18,19,45–47,49, 
PVMS-DBB neurons were localized to the MS midline, whereas SOMMS-DBB and ChATMS-DBB neurons were more 
diffusely localized to MS-DBB and LSN (Fig. 1).

The hippocampal theta rhythm emerges from enhanced functional connectivity between MS-DBB and 
 hippocampus22,71. PVMS-DBB neurons are active participants in hippocampal theta  oscillations1,72–75, which are 
important for sensory  processing5, memory  retrieval7, and memory  consolidation8. A subset of PVMS-DBB neu-
rons lead hippocampal neurons in the theta rhythm, implying that PVMS-DBB neurons pace hippocampal theta 
 oscillations2,3,73. PVMS-DBB neurons can effectively transmit gamma oscillations to  cortex76 and  hippocampus59. 
Several neurochemically distinct subtypes of MS-DBB neurons project to the hippocampus, which currently 
include PVMS-DBB  neurons15,19, ChATMS-DBB neurons (recently found to co-release ACh and GABA)77), and 
glutamatergic MS-DBB  neurons78–80. Previous work using minimal electrical stimulation of MS-DBB GABAer-
gic fibers, in the presence of glutamate receptor blockers, demonstrated resistance of IPSCs to PPD and STD at 
10 Hz stimulation in CA1 O-LM cells. By contrast, robust PPD and STD from local afferents, likely from VIP-
positive axons, were observed in CA1 O-LM  cells25. A difference in quantal amplitude was also observed between 
PVMS-DBB and PVHC synapse types, suggesting differential electrotonic filtering, GABAA receptor number, and/or 
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single channel GABAA  conductance25. Here, we investigated PVMS-DBB transmission onto CA1 SO cells using a 
CRE-dependent AAV containing the fast kinetic channelrhodopsin ChETA for fast optogenetic control suitable 

Figure 8.  PVMS-DBB and PVHC synapse models reproduce differences in STD dynamics. (A) Plots of the 
change in intracellular ( �[Ca] dynamics, C; values 0–1) for PVHC (blue) and (B) PVMS-DBB (red) synapse 
models. (C) is similar across 5–50 Hz between PVHC and PVMS-DBB synapses. (B) Fraction of vesicles available 
for release (R; values 1–0) across 5–50 Hz frequencies for PVHC (blue) and PVMS-DBB (red) synapse models. 
(C) The first 5 stimuli in the pulse train from B (yellow region) are shown at expanded scale. At 20 and 50 Hz, 
activity-dependent accumulation of calcium promotes greater resistance to STD in the PVMS-DBB synapse 
model by accelerating calcium-dependent recovery. Grey traces are MCMC simulations; colored traces are the 
average. Parameters from Table 1 were used for the simulations. See also Figure S6 for comparisons of calcium-
dependent recovery rates across calcium concentrations.
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for PV-mediated  transmission40. Compared to PVHC synapses, during the initial pulses of the optogenetic pulse 
train, PVMS-DBB synapses exhibited less STD of optically evoked IPSCs at intervals at the start of 20–50 Hz pulse 
trains (Fig. 7C,D). Recovery from PPD was also faster at PVMS-DBB than PVHC synapses (Fig. 7F–G).

At the ultrastructural level, the size of MS-DBB GABAergic terminals is larger than local hippocampal 
GABAergic  terminals24, which may relate to differences in intracellular calcium dynamics and/or vesicular storage 
capacity. Although the difference in STD between PVMS-DBB and PVHC synapses may be partly accounted for by 
the lower initial pr at PVMS-DBB synapses, a larger readily releasable pool at PVMS-DBB synapses may also contrib-
ute to differences in the onset of STD between PVMS-DBB and PVHC synapses. Our experimental and modeling 
results also suggest that there are differences in calcium binding proteins mediating the activity-dependence of 
CDR. Possible molecular determinants include the synaptic vesicle priming protein Munc13-181, the calcium 
sensor synaptotagmin  782, and  others83. Since the postsynaptic neuron types were different for PVMS-DBB and 
PVHC synapses, we cannot rule out target-specific effects of STD. Ideally, target-specificity could be tested by 
examining a common interneuron target between PVMS-DBB synapses and PVHC synapses. Although we did not 
perform an exhaustive investigation, we were unsuccessful in optogenetically evoking PVHC-mediated transmis-
sion onto stratum oriens interneurons, consistent with the paucity of published studies on synaptic connections 
from PVHC to O-LM neurons. Other PVMS-DBB targets in the hippocampus, such as CCK interneurons in stratum 
 radiatum16, also do not receive significant synaptic input from PVHC  synapses84. However, PVHC neurons receive 
input from both PVMS-DBB

12,16 and  themselves85. If STD resistance generalizes to other postsynaptic targets such 
as PV basket cells and axoaxonic cells, which have briefer membrane time  constant86, there may be synergism 
between PVMS-DBB and local PVHC microcircuits in the transmission and/or amplification of gamma oscillations 
to the hippocampus.

PVMS-DBB neurons are observed to fire short bursts of APs at gamma frequency, nested in a theta  rhythm1,11. 
In accordance with in vivo  observations59,76, we demonstrate that this range of firing frequencies is conducive to 
PVMS-DBB transmission at gamma frequencies, supported both by experimental and modeling results. However, 
naturalistic patterns of PVMS-DBB-mediated IPSPs are likely to impact postsynaptic target cells differently depend-
ing on their membrane time constant and resonance  properties86,87. In multi-compartmental models of O-LM 
cells, IPSPs readily generate theta resonance in part through hyperpolarization-induced recruitment of HCN 
 channels86,88,89, supporting the idea that rhythmic disinhibition via phasic PVMS-DBB transmission contributes to 
theta rhythm  generation90. Due to the fact that O-LM cells have relatively long membrane time  constants35, bursts 
of IPSPs at gamma frequency are likely to be integrated, with a burst of depression-resistant IPSPs at gamma 
frequency to be effective in driving hyperpolarization-induced activation of HCN channels, rebound spikes, 
and inducing synchronous disinhibition of hippocampal principal  cells19. Future modeling studies that enable 
independent manipulation of pre- and postsynaptic parameters will enable the physiological consequences of 
PVMS-DBB transmission onto O-LM cells to be fully understood. Presynaptic and/or postsynaptic cholinergic 
 neuromodulation41,91,92 may further tune PVMS-DBB-O-LM transmission, possibly interacting with presynaptic 
GABAB  receptors27 to protect the readily-releasable vesicle pool from excessive depletion during gamma fre-
quency bursts. However, it is likely that PV basket cells, PV bistratified cells, and chandelier (axoaxonic) cells, 
which have short membrane time constants and exhibit gamma  resonance86, may be more effective in generating 
discrete gamma frequency IPSPs from PVMS-DBB synapses than O-LM cells. These cell type-specific differences in 
integrative properties may account, at least in part, for the differential phase locking of these cell types to gamma 
 oscillations93. Finally, differences in short-term plasticity may exist across PVMS-DBB postsynaptic hippocampal 
targets. Recent studies have identified a specific subtype of PVMS-DBB neurons, the Teevra cells, that preferentially 
innervate axoaxonic cells in  CA312. Although we anticipated finding other stratum oriens subtypes among the 
12 recorded neurons that responded to optogenetic PVMS-DBB stimulation, only 2 O-LM cells were anatomi-
cally recovered in this population, precluding an investigation of postsynaptic target differences. Nevertheless, 
this observation is in accord with the idea that SOM-containing cells in stratum oriens are preferred  targets16. 
In a more recent study, PV interneurons within stratum oriens were found to be common targets of PVMS-DBB 
 synapses13. Some somatostatin (SOM)-containing dendrites were likely missed due to the poor localization of 
SOM to  dendrites13; however, a subset of OLM cells contain  PV64.

Despite similar IPSC rise times, the IPSC decay was faster at PVMS-DBB - than PVHC-mediated synapses. Local 
PVHC neurons are comprised of many anatomically distinct subtypes, including PV basket cells (BC), bistratified 
cells (BiS), and chandelier (axoaxonic)  cells54, and a subset of O-LM cells have been shown to contain  PV64. The 
near-simultaneous optogenetic activation of perisomatic and dendritic IPSCs from these cell types may interact 
to prolong the decay of the composite IPSC. A future study using an intersectional optogenetic approach could 
allow optogenetic activation of specific postsynaptic cell  types94. However, in paired recordings from BC and BiS 

Table 1.  Model parameters.

Parameter Description SH HC fold�

τCa Decay constant for calcium (ms) 27.7± 7.1 22.4± 7.5 1.2

Pmax Maximum pr (from VM analysis) 0.75 0.91 0.82

K Half calcium concentration value for pr function 0.69± 0.02 0.68± 0.01 1.01

kmin Minimum rate of recovery of release sites 9.0e−4 ± 1.8e−4 1.2e−3 ± 1.5e−4 0.75

�k Absolute difference between kmax and kmin 0.017± 0.004 9.4e−3 ± 9.2e−4 1.8

Kr Half calcium concentration value for rate of recovery function 1.18± 0.66 0.19± 0.15 6.2
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cells, IPSC decay times do not substantially  differ63. Therefore, it is possible that synaptically localized GABAA 
activated by PVMS-DBB and PVHC axons differ in subunit composition. GABAA receptors synaptically activated 
by VIP-positive or PVMS-DBB afferents on O-LM cells may also differ in GABAA receptor subunit  composition95. 
Alternatively, molecular differences between PVMS-DBB and PVHC synapse types, supported by our STD results 
here, may give rise to subtle differences in release kinetics that could explain the differences in average IPSC decay.

This is the first study to directly examine PVMS-DBB transmission in isolation of other MS-DBB subtypes 
known to contribute to septohippocampal GABAergic transmission. Therefore, compared to previous studies 
of MS-DBB GABAergic  transmission7,25,27, some differences between our study and previous studies that use 
differing methodology are expected. We directly stimulated ChETA-YFP channels localized to PVMS-DBB axons 
and synapses within an acute hippocampal slice preparation, which enabled us to investigate PVMS-DBB-mediated 
transmission without the need for a septohippocampal slice preparation. Although optogenetics continues to be 
an exciting technology to investigate neurochemically distinct projection neurons, there are caveats that have 
been recognized as the field has  evolved96. Depending on the synapse type, short-term dynamics using optoge-
netic stimulation may differ substantially from electrical  stimulation97. Even subtle variations of the optogenetic 
technique, such as the AAV serotype used and the subcellular compartment stimulated, can influence short-
term plasticity  dynamics97. In our experiments, we used the rapidly deactivating variant ChETA-YFP, which is 
superior to first-generation channelrhodopsins in enabling high frequency firing in PV  neurons40. As observed 
for the Purkinje cell-deep cerebellar nucleus synapse, optogenetic activation of GABAergic synapses may be 
more comparable to electrical stimulation, due to high expression of fast potassium channels and enhanced 
calcium buffering capacity, enabling rapid repolarization of presynaptic  boutons97. Although we cannot rule 
out that entry of calcium through ChETA channels influenced STD dynamics, for PVHC synapses, optogeneti-
cally induced STD at PVHC synapses shown here (Fig. 6) was similar to our earlier work in which single syn-
aptically connected PVHC axons were electrically  stimulated41,44. Assuming comparable ChETA-YFP kinetics 
and densities, our results likely reflect true differences in STD between PVMS-DBB and PVHC synapses, which 
relate to differences in  ultrastructure24, as well as differences in the type and/or composition of calcium binding 
proteins mediating recovery from STD. Consistent with this idea, our mathematical models of PVMS-DBB and 
PVHC-mediated transmission, in combination with Bayesian parameter estimation techniques, enabled us to 
quantify the error in estimated parameters, ensuring that it was small enough to make each parameter mean-
ingful. However, any model is a simplification of the underlying biological processes, and it is likely that many 
distinct kinetic processes are combined within each parameter that are not possible to distinguish here. This 
appears to be especially true with our measures of calcium decay time course, which is likely to involve not just 
the calcium transient itself, but numerous “residual” calcium binding proteins that influence both facilitation 
and depression mechanisms. Moreover, we noted that Kr and τCa are interdepdendent at both synapse types, 
which limited our ability to fully constrain these parameters. Nevertheless, our major conclusion, that PVMS-DBB 
synapses are resistant to STD, extends earlier  observations25,27. Beyond the novel experimental results reported 
here, our initial, basic mathematical description of PVMS-DBB-mediated transmission, which could be refined 
in future studies, is simple enough to be applied to testing hypotheses in network models of MS-DBB-driven 
hippocampal gamma and theta  rhythms98,99.

Finally, in addition to their major roles in hippocampal processing in the normal brain, dysfunction of 
PVMS-DBB synapses may contribute to hippocampal dysfunction in disease states. In an Alzheimer’s disease (AD) 
mouse model, degeneration of the GABAergic septohippocampal pathway is associated with reduction in the 
magnitude of theta and gamma  rhythms100. However, stimulation of PVMS-DBB synapses at gamma frequency 
rescued cognitive impairment in this same mouse  model59. Therefore, our modeling of the synaptic dynamics 
of PVMS-DBB-mediated transmission will enable PVMS-DBB circuit elements to be built into network models, 
integrating synaptic dynamics with network oscillations in neural network models of normal and disease states.

Data availability
The original data and is available from J.J.L. upon request. Matlab code is available from H.H. and E.S.

Received: 7 August 2020; Accepted: 14 December 2020

References
 1. Borhegyi, Z., Varga, V., Szilágyi, N., Fabo, D. & Freund, T. F. Phase segregation of medial septal GABAergic neurons during 

hippocampal theta activity. J. Neurosci. 24, 8470–8479 (2004).
 2. Hangya, B., Borhegyi, Z., Szilágyi, N., Freund, T. F. & Varga, V. GABAergic neurons of the medial septum lead the hippocampal 

network during theta activity. J. Neurosci. 29, 8094–8102 (2009).
 3. Zutshi, I. et al. Hippocampal neural circuits respond to optogenetic pacing of theta frequencies by generating accelerated oscil-

lation frequencies. Curr. Biol. 28, 1179–1188 (2018).
 4. Müller, C. & Remy, S. Septo-hippocampal interaction. Cell Tissue Res. 373, 565–575 (2018).
 5. Kaifosh, P., Lovett-Barron, M., Turi, G. F., Reardon, T. R. & Losonczy, A. Septo-hippocampal GABAergic signaling across multiple 

modalities in awake mice. Nat. Neurosci. 16, 1182–1184 (2013).
 6. Lovett-Barron, M. et al. Dendritic inhibition in the hippocampus supports fear learning. Science 343, 857–863 (2014).
 7. Sans-Dublanc, A. et al. Septal GABAergic inputs to CA1 govern contextual memory retrieval. Sci. Adv. 6, eaba5003 (2020).
 8. Boyce, R., Glasgow, S. D., Williams, S. & Adamantidis, A. Causal evidence for the role of rem sleep theta rhythm in contextual 

memory consolidation. Science 352, 812–816 (2016).
 9. Song, D. et al. The lateralization of left hippocampal CA3 during the retrieval of spatial working memory. Nat. Commun. 11, 

1–13 (2020).
 10. Bao, H. et al. Long-range GABAergic inputs regulate neural stem cell quiescence and control adult hippocampal neurogenesis. 

Cell Stem Cell 21, 604–617 (2017).



18

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2117  | https://doi.org/10.1038/s41598-020-80245-w

www.nature.com/scientificreports/

 11. Serafin, M., Williams, S., Khateb, A., Fort, P. & Mühlethaler, M. Rhythmic firing of medial septum non-cholinergic neurons. 
Neuroscience 75, 671–675 (1996).

 12. Joshi, A., Salib, M., Viney, T. J., Dupret, D. & Somogyi, P. Behavior-dependent activity and synaptic organization of septo-
hippocampal gabaergic neurons selectively targeting the hippocampal ca3 area. Neuron 96, 1342–1357 (2017).

 13. Unal, G. et al. Spatio-temporal specialization of GABAergic septo-hippocampal neurons for rhythmic network activity. Brain 
Struct. Funct. 223, 2409–2432 (2018).

 14. Freund, T. F. & Antal, M. Gaba-containing neurons in the septum control inhibitory interneurons in the hippocampus. Nature 
336, 170–173 (1988).

 15. Freund, T. F. Gabaergic septohippocampal neurons contain parvalbumin. Brain Res. 478, 375–381 (1989).
 16. Gulyás, A., Görcs, T. & Freund, T. Innervation of different peptide-containing neurons in the hippocampus by gabaergic septal 

afferents. Neuroscience 37, 31–44 (1990).
 17. Unal, G., Joshi, A., Viney, T. J., Kis, V. & Somogyi, P. Synaptic targets of medial septal projections in the hippocampus and 

extrahippocampal cortices of the mouse. J. Neurosci. 35, 15812–15826 (2015).
 18. Kiss, J., Patel, A. J. & Freund, T. F. Distribution of septohippocampal neurons containing parvalbumin or choline acetyltransferase 

in the rat brain. J. Comp. Neurol. 298, 362–372 (1990).
 19. Tóth, K., Freund, T. & Miles, R. Disinhibition of rat hippocampal pyramidal cells by GABAergic afferents from the septum. J. 

Physiol. 500, 463–474 (1997).
 20. Bassant, M.-H. et al. Medial septal GABAergic neurons express the somatostatin ssT2A receptor: Functional consequences on 

unit firing and hippocampal theta. J. Neurosci. 25, 2032–2041 (2005).
 21. Tsanov, M. Septo-hippocampal signal processing: Breaking the code. Prog. Brain Res. 219, 103–120 (2015).
 22. Colgin, L. L. Rhythms of the hippocampal network. Nat. Rev. Neurosci. 17, 239–249 (2016).
 23. Goutagny, R., Manseau, F., Jackson, J., Danik, M. & Williams, S. In vitro activation of the medial septum-diagonal band complex 

generates atropine-sensitive and atropine-resistant hippocampal theta rhythm: An investigation using a complete septohip-
pocampal preparation. Hippocampus 18, 531–535 (2008).

 24. Eyre, M., Freund, T. & Gulyas, A. Quantitative ultrastructural differences between local and medial septal GABAergic axon 
terminals in the rat hippocampus. Neuroscience 149, 537–548 (2007).

 25. Chamberland, S., Salesse, C., Topolnik, D. & Topolnik, L. Synapse-specific inhibitory control of hippocampal feedback inhibitory 
circuit. Front. Cell. Neurosci. 4, 130 (2010).

 26. Chamberland, S. & Topolnik, L. Inhibitory control of hippocampal inhibitory neurons. Front. Neurosci. 6, 165 (2012).
 27. Turi, G. F., Wittmann, G., Lechan, R. M. & Losonczy, A. Ambient GABA modulates septo-hippocampal inhibitory terminals 

via presynaptic GABAb receptors. Neuropharmacology 88, 55–62 (2015).
 28. Takács, V. T. et al. Co-transmission of acetylcholine and GABA regulates hippocampal states. Nat. Commun. 9, 2848 (2018).
 29. Saunders, A., Granger, A. J. & Sabatini, B. L. Corelease of acetylcholine and GABA from cholinergic forebrain neurons. eLife 4, 

e06412 (2015).
 30. Simon, A. P., Poindessous-Jazat, F., Dutar, P., Epelbaum, J. & Bassant, M.-H. Firing properties of anatomically identified neurons 

in the medial septum of anesthetized and unanesthetized restrained rats. J. Neurosci. 26, 9038–9046 (2006).
 31. Varga, V. et al. The presence of pacemaker HCN channels identifies theta rhythmic GABAergic neurons in the medial septum. 

J. Physiol. 586, 3893–3915 (2008).
 32. Hippenmeyer, S. et al. A developmental switch in the response of DRG neurons to ETS transcription factor signaling. PLoS Biol. 

3, e159 (2005).
 33. Taniguchi, H. et al. A resource of CRE driver lines for genetic targeting of GABAergic neurons in cerebral cortex. Neuron 71, 

995–1013 (2011).
 34. Gong, S. et al. Targeting CRE recombinase to specific neuron populations with bacterial artificial chromosome constructs. J. 

Neurosci. 27, 9817–9823 (2007).
 35. Yi, F. et al. Direct excitation of parvalbumin-positive interneurons by M1 muscarinic acetylcholine receptors: Roles in cellular 

excitability, inhibitory transmission and cognition. J. Physiol. 592, 3463–3494 (2014).
 36. Soriano, P. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat. Genet. 21, 70–71 (1999).
 37. Madisen, L. et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. 

Neurosci. 13, 133 (2010).
 38. Bischofberger, J., Engel, D., Li, L., Geiger, J. R. & Jonas, P. Patch-clamp recording from mossy fiber terminals in hippocampal 

slices. Nat. Protoc. 1, 2075 (2006).
 39. Geiger, J. et al. Patch-clamp recording in brain slices with improved slicer technology. Pflügers Archiv 443, 491–501 (2002).
 40. Gunaydin, L. A. et al. Ultrafast optogenetic control. Nat. Neurosci. 13, 387 (2010).
 41. Lawrence, J. J., Haario, H. & Stone, E. F. Presynaptic cholinergic neuromodulation alters the temporal dynamics of short-term 

depression at parvalbumin-positive basket cell synapses from juvenile ca1 mouse hippocampus. J. Neurophysiol. 113, 2408–2419 
(2015).

 42. Clements, J. D. & Silver, R. A. Unveiling synaptic plasticity: A new graphical and analytical approach. Trends Neurosci. 23, 
105–113 (2000).

 43. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675 
(2012).

 44. Stone, E., Haario, H. & Lawrence, J. J. A kinetic model for the frequency dependence of cholinergic modulation at hippocampal 
GABAergic synapses. Math. Biosci. 258, 162–175 (2014).

 45. Alonso, J., Covenas, R., Lara, J. & Aijón, J. Distribution of parvalbumin immunoreactivity in the rat septal area. Brain Res. Bull. 
24, 41–48 (1990).

 46. Miettinen, R. et al. Neocortical, hippocampal and septal parvalbumin-and somatostatin-containing neurons in young and aged 
rats: Correlation with passive avoidance and water maze performance. Neuroscience 53, 367–378 (1993).

 47. Krzywkowski, P., De Bilbao, F., Senut, M. & Lamour, Y. Age-related changes in parvalbumin-and GABA-immunoreactive cells 
in the rat septum. Neurobiol. Aging 16, 29–40 (1995).

 48. Wouterlood, F. G., Bloem, B., Mansvelder, H. D., Luchicchi, A. & Deisseroth, K. A fourth generation of neuroanatomical tracing 
techniques: Exploiting the offspring of genetic engineering. J. Neurosci. Methods 235, 331–348 (2014).

 49. Kiss, J., Patel, A., Baimbridge, K. & Freund, T. Topographical localization of neurons containing parvalbumin and choline 
acetyltransferase in the medial septum-diagonal band region of the rat. Neuroscience 36, 61–72 (1990).

 50. Zhao, C., Eisinger, B. & Gammie, S. C. Characterization of GABAergic neurons in the mouse lateral septum: A double fluores-
cence in situ hybridization and immunohistochemical study using tyramide signal amplification. PLoS One 8, e73750 (2013).

 51. Jin, J. et al. Cholinergic neurons of the medial septum are crucial for sensorimotor gating. J. Neurosci. 39, 5234–5242 (2019).
 52. Hu, H., Gan, J. & Jonas, P. Fast-spiking, parvalbumin<sup> + </sup> GABAergic interneurons: From cellular design to micro-

circuit function. Science 345, 1255263. https ://doi.org/10.1126/scien ce.12552 63 (2014).
 53. Martina, M., Schultz, J. H., Ehmke, H., Monyer, H. & Jonas, P. Functional and molecular differences between voltage-gated 

K+ channels of fast-spiking interneurons and pyramidal neurons of rat hippocampus. J. Neurosci. 18, 8111–8125. https ://doi.
org/10.1523/jneur osci.18-20-08111 .1998 (1998).

https://doi.org/10.1126/science.1255263
https://doi.org/10.1523/jneurosci.18-20-08111.1998
https://doi.org/10.1523/jneurosci.18-20-08111.1998


19

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2117  | https://doi.org/10.1038/s41598-020-80245-w

www.nature.com/scientificreports/

 54. Pelkey, K. A. et al. Hippocampal GABAergic inhibitory interneurons. Physiol. Rev. 97, 1619–1747. https ://doi.org/10.1152/physr 
ev.00007 .2017 (2017).

 55. Garrido-Sanabria, E. R., Perez-Cordova, M. G. & Colom, L. V. Differential expression of voltage-gated K+ currents in medial 
septum/diagonal band complex neurons exhibiting distinct firing phenotypes. Neurosci. Res. 70, 361–369 (2011).

 56. Unal, C. T., Golowasch, J. P. & Zaborszky, L. Adult mouse basal forebrain harbors two distinct cholinergic populations defined 
by their electrophysiology. Front. Behav. Neurosci. 6, 21 (2012).

 57. Sotty, F. et al. Distinct electrophysiological properties of glutamatergic, cholinergic and GABAergic rat septohippocampal 
neurons: Novel implications for hippocampal rhythmicity. J. Physiol. 551, 927–943 (2003).

 58. Gorelova, N. & Reiner, P. B. Role of the afterhyperpolarization in control of discharge properties of septal cholinergic neurons 
in vitro. J. Neurophysiol. 75, 695–706 (1996).

 59. Etter, G. et al. Optogenetic gamma stimulation rescues memory impairments in an Alzheimer’s disease mouse model. Nat. 
Commun. 10, 1–11 (2019).

 60. Yamano, M. & Luiten, P. G. Direct synaptic contacts of medial septal efferents with somatostatin immunoreactive neurons in 
the rat hippocampus. Brain Res. Bull. 22, 993–1001 (1989).

 61. Silver, R. A., Momiyama, A. & Cull-Candy, S. G. Locus of frequency-dependent depression identified with multiple-probability 
fluctuation analysis at rat climbing fibre-purkinje cell synapses. J. Physiol. 510, 881–902 (1998).

 62. Reid, C. A. & Clements, J. D. Postsynaptic expression of long-term potentiation in the rat dentate gyrus demonstrated by 
variance-mean analysis. J. Physiol. 518, 121–130 (1999).

 63. Maccaferri, G. et al. Cell surface domain specific postsynaptic currents evoked by identified GABAergic neurones in rat hip-
pocampus in vitro. J. Physiol. 524, 91–116 (2000).

 64. Chittajallu, R. et al. Dual origins of functionally distinct O-LM interneurons revealed by differential 5-HT3AR expression. Nat. 
Neurosci. 16, 1598 (2013).

 65. Morris, N., Harris, S. & Henderson, Z. Parvalbumin-immunoreactive, fast-spiking neurons in the medial septum/diagonal band 
complex of the rat: Intracellular recordings in vitro. Neuroscience 92, 589–600 (1999).

 66. Jones, G. A., Norris, S. K. & Henderson, Z. Conduction velocities and membrane properties of different classes of rat septohip-
pocampal neurons recorded in vitro. J. Physiol. 517, 867–877 (1999).

 67. Morris, N. P., Fyffe, R. E. & Robertson, B. Characterisation of hyperpolarization-activated currents (IH) in the medial septum/
diagonal band complex in the mouse. Brain Res. 1006, 74–86 (2004).

 68. McKenna, J. T. et al. Distribution and intrinsic membrane properties of basal forebrain GABAergic and parvalbumin neurons 
in the mouse. J. Comp. Neurol. 521, 1225–1250 (2013).

 69. Henderson, Z. et al. Distribution and role of Kv3.1B in neurons in the medial septum diagonal band complex. Neuroscience 166, 
952–969 (2010).

 70. Henderson, Z. et al. Morphology of local axon collaterals of electrophysiologically characterised neurons in the rat medial septal/
diagonal band complex. J. Comp. Neurol. 430, 410–432 (2001).

 71. Buzsáki, G. Theta oscillations in the hippocampus. Neuron 33, 325–340 (2002).
 72. King, C., Recce, M., O’keefe, J. & relationships with behaviour and hippocampal theta. The rhythmicity of cells of the medial 

septum/diagonal band of Broca in the awake freely moving rat. Eur. J. Neurosci. 10, 464–477 (1998).
 73. Bender, F. et al. Theta oscillations regulate the speed of locomotion via a hippocampus to lateral septum pathway. Nat. Commun. 

6, 1–11 (2015).
 74. Wulff, P. et al. Hippocampal theta rhythm and its coupling with gamma oscillations require fast inhibition onto parvalbumin-

positive interneurons. Proc. Natl. Acad. Sci. 106, 3561–3566 (2009).
 75. Bland, B. H., Oddie, S. D. & Colom, L. V. Mechanisms of neural synchrony in the septohippocampal pathways underlying hip-

pocampal theta generation. J. Neurosci. 19, 3223–3237 (1999).
 76. Kim, T. et al. Cortically projecting basal forebrain parvalbumin neurons regulate cortical gamma band oscillations. Proc. Natl. 

Acad. Sci. 112, 3535–3540 (2015).
 77. Takács, V. T., Freund, T. F. & Gulyás, A. I. Types and synaptic connections of hippocampal inhibitory neurons reciprocally con-

nected with the medial septum. Eur. J. Neurosci. 28, 148–164 (2008).
 78. Colom, L. V., Castaneda, M. T., Reyna, T., Hernandez, S. & Garrido-sanabria, E. Characterization of medial septal glutamatergic 

neurons and their projection to the hippocampus. Synapse 58, 151–164 (2005).
 79. Huh, C. Y., Goutagny, R. & Williams, S. Glutamatergic neurons of the mouse medial septum and diagonal band of Broca synapti-

cally drive hippocampal pyramidal cells: relevance for hippocampal theta rhythm. J. Neurosci. 30, 15951–15961 (2010).
 80. Fuhrmann, F. et al. Locomotion, theta oscillations, and the speed-correlated firing of hippocampal neurons are controlled by a 

medial septal glutamatergic circuit. Neuron 86, 1253–1264 (2015).
 81. Lipstein, N. et al. Dynamic control of synaptic vesicle replenishment and short-term plasticity by Ca2+-calmodulin-Munc13-1 

signaling. Neuron 79, 82–96 (2013).
 82. Turecek, J., Jackman, S. L. & Regehr, W. G. Synaptotagmin 7 confers frequency invariance onto specialized depressing synapses. 

Nature 551, 503–506 (2017).
 83. Bridi, M. S., Shin, S. Y., Huang, S. & Kirkwood, A. Dynamic recovery from depression enables rate encoding in inhibitory 

synapses. iScience 23, 100940 (2020).
 84. Karson, M. A., Tang, A.-H., Milner, T. A. & Alger, B. E. Synaptic cross talk between perisomatic-targeting interneuron classes 

expressing cholecystokinin and parvalbumin in hippocampus. J. Neurosci. 29, 4140–4154 (2009).
 85. Bartos, M. et al. Fast synaptic inhibition promotes synchronized gamma oscillations in hippocampal interneuron networks. 

Proc. Natl. Acad. Sci. 99, 13222–13227 (2002).
 86. Pike, F. et al. Distinct frequency preferences of different types of rat hippocampal neurones in response to oscillatory input 

currents. J. Physiol. 529(Pt 1), 205–13 (2000).
 87. Kispersky, T. J., Fernandez, F. R., Economo, M. N. & White, J. A. Spike resonance properties in hippocampal O-LM cells are 

dependent on refractory dynamics. J. Neurosci. 32, 3637–3651 (2012).
 88. Maccaferri, G. & McBain, C. The hyperpolarization-activated current (ih) and its contribution to pacemaker activity in rat CA1 

hippocampal stratum oriens-alveus interneurones. J. Physiol. 497(Pt 1), 119–30 (1996).
 89. Sekulić, V. et al. Integration of within-cell experimental data with multi-compartmental modeling predicts H-channel densities 

and distributions in hippocampal olm cells. Front. Cell. Neurosci. 14, 277 (2020).
 90. Sekulić, V. & Skinner, F. K. Computational models of O-LM cells are recruited by low or high theta frequency inputs depending 

on H-channel distributions. eLife 6, e22962 (2017).
 91. Lawrence, J. J., Statland, J. M., Grinspan, Z. M. & McBain, C. J. Cell type-specific dependence of muscarinic signalling in mouse 

hippocampal stratum oriens interneurones. J. Physiol. 570, 595–610 (2006).
 92. Leão, R. N. et al. Olm interneurons differentially modulate CA3 and entorhinal inputs to hippocampal CA1 neurons. Nat. 

Neurosci. 15, 1524–1530 (2012).
 93. Tukker, J. J., Fuentealba, P., Hartwich, K., Somogyi, P. & Klausberger, T. Cell type-specific tuning of hippocampal interneuron 

firing during gamma oscillations in vivo. J. Neurosci. 27, 8184–8189 (2007).
 94. Fenno, L. E. et al. Targeting cells with single vectors using multiple-feature Boolean logic. Nat. Methods 11, 763–772 (2014).

https://doi.org/10.1152/physrev.00007.2017
https://doi.org/10.1152/physrev.00007.2017


20

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2117  | https://doi.org/10.1038/s41598-020-80245-w

www.nature.com/scientificreports/

 95. Tyan, L. et al. Dendritic inhibition provided by interneuron-specific cells controls the firing rate and timing of the hippocampal 
feedback inhibitory circuitry. J. Neurosci. 34, 4534–4547 (2014).

 96. Bernard, C. Optogenetics: Keep interpretations light. eNeuro 7 (2020).
 97. Jackman, S. L., Beneduce, B. M., Drew, I. R. & Regehr, W. G. Achieving high-frequency optical control of synaptic transmission. 

J. Neurosci. 34, 7704–7714 (2014).
 98. Bezaire, M. J., Raikov, I., Burk, K., Vyas, D. & Soltesz, I. Interneuronal mechanisms of hippocampal theta oscillations in a full-

scale model of the rodent CA1 circuit. eLife 5, e18566 (2016).
 99. Cutsuridis, V. & Hasselmo, M. Gabaergic contributions to gating, timing, and phase precession of hippocampal neuronal activity 

during theta oscillations. Hippocampus 22, 1597–1621 (2012).
 100. Rubio, S. E. et al. Accelerated aging of the GABAergic septohippocampal pathway and decreased hippocampal rhythms in a 

mouse model of Alzheimer’s disease. FASEB J. 26, 4458–4467 (2012).

Acknowledgements
Support was from NIH R01 NS069689 (JJL), NS069689-04S1 (TG), NCRR P20RR015583 (JJL), and TTUHSC 
start-up funds (JJL). P20RR015583, P20RR017670, and P20GM10356 grants supported core facilities. We thank 
Drs. April D. Johnston and Benjamin B. Holloway for preliminary optogenetics experiments in PV-CRE mice, 
Drs. Ed Calloway (Salk Institute) and Silvia Arber (University of Basel, Switzerland) for PV-CRE mice, Drs. Mas-
simo Scanziani and Z. Josh Huang for SOM-CRE mice, Dr. Viktor Varga for comments on an earlier version of 
the manuscript, helpful discussions with Dr. Vladislav Sekulić during the course of these studies, and Dr. Volker 
Neugebauer and the Garrison Institute on Aging (TTUHSC) for assistance with publication costs.

Author contributions
J.J.L., T.G., and F.Y. designed the experiments. F.Y. and T.G. conducted experiments and analyzed data. K.D. 
provided the ChETA-YFP AAV. F.Y., T.G., E.S., and H.H. and J.J.L. edited the manuscript. E.S. developed the 
mathematical models. H.H. assisted with model development and conducted simulations using Bayesian param-
eter estimation techniques. All authors approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-020-80245 -w.

Correspondence and requests for materials should be addressed to J.J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-020-80245-w
https://doi.org/10.1038/s41598-020-80245-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Septohippocampal transmission from parvalbumin-positive neurons features rapid recovery from synaptic depression
	Methods
	Ethics statement. 
	Transgenic mice. 
	Acute slice preparation. 
	Stereotaxic injection of adeno-associated virus (AAV) into PV-CRE mice. 
	Whole cell recordings. 
	Visualization and photoactivation of EYFP-positive neurons. 
	Electrophysiological data analysis. 
	Anti-GFP and anti-PV immunocytochemistry. 
	Processing of biocytin-filled neurons and anti-GFP immunocytochemistry. 
	Chemical reagents. 
	Mathematical modeling of STD at  and  synapses. 
	Statistical analysis. 

	Results
	 neurons are distinct from  and  neurons. 
	Expression of ChETA-YFP induces action potentials in  and  neurons. 
	Repetitive optogenetic stimulation of  synapses induces STD of IPSCs onto CA1 stratum oriens interneurons. 
	Repetitive optogenetic stimulation of  synapses induces STD of IPSCs onto CA1 PCs. 
	 synapses are more resistant to STD at gamma frequencies compared to  synapses. 
	 and  synapse models differ in calcium-dependent recovery from STD. 

	Discussion
	References
	Acknowledgements


