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ABSTRACT  34 

We analyzed the origin and relevance of the perisomatic excitatory inputs on the parvalbumin 35 

interneurons of the granule cell layer in mouse. Confocal analysis of the glutamatergic 36 

innervation showed that it represents about 50% of the perisomatic synapses that 37 

parvalbumin cells receive. This excitatory input may originate from granule cell collaterals, the 38 

mossy cells, or even supramammillary nucleus. First, we assessed the input from the mossy 39 

cells on parvalbumin interneurons. Axon terminals of mossy cells were visualized by their 40 

calretinin content. Using multicolor confocal microscopy, we observed that less than 10 % of 41 

perisomatic excitatory innervation of parvalbumin cells could originate from mossy cells. 42 

Correlative light and electron microscopy revealed that innervation from mossy cells, although 43 

present, was indeed infrequent, except for those parvalbumin cells whose somata were 44 

located in the inner molecular layer. Second, we investigated the potential input from 45 

supramammillary nucleus on parvalbumin cell somata using anterograde tracing or 46 

immunocytochemistry against vesicular glutamate transporter 2 (VGLUT2) and found only 47 

occasional contacts. Third, we intracellularly filled dentate granule cells in acute slice 48 

preparations using whole-cell recording and examined whether their axon collaterals target 49 

parvalbumin interneurons. We found that typical granule cells do not innervate the 50 

perisomatic region of these GABAergic cells. In sharp contrast, semilunar granule cells, a scarce 51 

granule cell subtype often contacted the parvalbumin cell soma and proximal dendrites. Our 52 

data, therefore, show that perisomatic excitatory drive of parvalbumin interneurons in the 53 

granular layer of the dentate gyrus is abundant and originates primarily from semilunar 54 

granule cells.  55 

Significance Statement 56 

The microcircuitry underlying each cerebral structure is important to understand its function in 57 

normal and pathological conditions. We analyzed the excitatory innervation on the soma of 58 

the parvalbumin-expressing interneurons in the dentate gyrus. Excitatory innervation on the 59 
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soma is in a privileged position to drive more efficiently the spiking of neurons than that on 60 

dendrites. How parvalbumin interneurons are recruited is crucial for a proper knowledge of 61 

the function that they play in dentate gyrus operation. Our results show that the main source 62 

of this innervation are the semilunar granule cells, a rare subtype of granule cells. Thus, this 63 

scarce excitatory cell type of the dentate gyrus is in a strategic position to effectively control 64 

network operation via feed-forward inhibition.65 



 

 4 

INTRODUCTION 66 

The general connectivity of the dentate gyrus has been well described, but details on several 67 

cell types have not been completely elucidated. The principal cells of the dentate gyrus, the 68 

granule cells, are located in the granule cell layer where their somata are densely packed. The 69 

axons of the granule cells, the mossy fibers, project to the CA3 subfield of the hippocampus 70 

through the hilus, where they contact the mossy cells, a population of excitatory cells that 71 

project back to the granule cells forming an excitatory loop (Ribak et al., 1985; Blasco-Ibáñez 72 

and Freund, 1997). The granule cell dendrites ramify in the molecular layer, which can be 73 

divided into the inner molecular layer, that hosts the projection from the mossy cells and the 74 

supramammillary nucleus, and the middle and outer molecular layers, both receiving the fibers 75 

from the entorhinal cortex.  76 

Dispersed in the molecular layer, granule cell layer and hilus, there are different populations of 77 

interneurons (Freund and Buzsáki, 1996). Among them, parvalbumin interneurons belong to 78 

two populations of GABAergic fast-spiking cells that form either axo-somatic (basket cells) or 79 

axo-axonic (chandelier cells) symmetric inhibitory synapses on granule cells (Kosaka et al., 80 

1987; Soriano and Frotscher, 1989; Nitsch et al., 1990; Soriano et al., 1990; Han et al., 1993; 81 

Howard et al., 2005; Freund and Katona, 2007 ). The somata of these GABAergic cells are 82 

located predominantly in the granule cell layer and inner molecular layer. Parvalbumin 83 

interneurons in the dentate gyrus have various morphologies (Ribak and Seress, 1983). Most of 84 

them display pyramidal morphology with their somata sitting in the infragranular layer, 85 

whereas others have their somata in the supragranular layer or in the inner molecular layer.  86 

Parvalbumin basket cells of the dentate gyrus are considered key elements for the normal and 87 

pathological function of this brain structure (Sloviter et al., 2003). In addition to inhibitory 88 

inputs on their soma and apical dendrite, parvalbumin interneurons receive a rich perisomatic 89 

innervation from axon terminals forming asymmetric synapses (Ribak and Seress, 1983). 90 
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However, neither the relative abundance of the excitatory inputs on the perisomatic region, 91 

nor their origin have been elucidated.  92 

Fibers containing high concentrations of synaptic zinc, likely arising from granule cells, have 93 

been described to contact heavily the perisomatic region of parvalbumin cells in rats (Blasco-94 

Ibáñez et al., 2000), although the particular population of cells from which this projection 95 

originates has not been identified yet. In addition, mossy cell axons from the hilus projecting to 96 

the inner molecular layer through the granule cell layer have been considered to be an 97 

important contributor to the perisomatic asymmetric input on the parvalbumin basket cells 98 

(Seress and Ribak, 1984). Finally, afferents from the supramammillary nucleus have been 99 

described to contact perisomatically at least some parvalbumin interneurons in the dentate 100 

gyrus of the monkey (Leranth and Nitsch, 1994; Nitsch and Leranth, 1994). Thus, all these 101 

three major excitatory inputs may innervate parvalbumin interneurons perisomatically, but it 102 

is still unknown to what extent.  103 

Granule cells have been considered a homogeneous population regarding connectivity and 104 

functionality. Recently, a subpopulation of granule cells first described morphologically as 105 

semilunar granule cells by Ramón y Cajal (1904) has been further analyzed. These semilunar 106 

granule cells have different morphology than classical granule cells: they are multipolar instead 107 

of monopolar cells (in rodents) and their dendritic arbor extends more widely in the molecular 108 

layer. They are located prevalently near the supragranular layer or deeper in the inner 109 

molecular layer. Semilunar granule cells have a special connectivity with mossy cells, as these 110 

hilar excitatory cells can be engaged by this special granule cell type during sustained recurrent 111 

excitation known as hilar up-states (Williams et al., 2007; Larimer and Strowbridge, 2010). 112 

Hilar up-states are not only maintained by the recurrent connectivity between these cells, but 113 

also by the firing characteristics of semilunar granule cells. Interestingly, and in contrast to 114 

typical granule cells, the axon of semilunar granule cells may extend collaterals within the 115 
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granule cell layer (Williams et al., 2007). These morphological findings suggest that this 116 

particular population of granule cells is in an appropriate position to be a source of the 117 

perisomatic zincergic boutons on parvalbumin interneurons. 118 

In the present work, we aim to reveal the source and relevance of the excitatory perisomatic 119 

innervation of parvalbumin interneurons in the dentate gyrus, as well as to test specifically 120 

whether semilunar granule cells provide the zincergic projection on these GABAergic cells. 121 
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MATERIAL AND METHODS 122 

Animals 123 

CD-1 ICR mice (Harlan) were used for this work. Animals were housed in groups of three to six 124 

under controlled temperature, humidity and on a 12h light/darkness cycle, with access to food 125 

and water ad libitum. They were allowed to habituate to our facilities at least two days prior to 126 

the experiments. An effort was made to avoid unnecessary stress in the animals due to 127 

handling. All animal experimentation was conducted in accordance with the Directive 128 

2010/63/EU of the European Parliament and of the European Council of 22 September 2010 129 

on the protection of animals used for scientific purposes.  130 

Adult animals included in this study were between two and five months old. No differentiation 131 

was made between males and females as there is no evidence of anatomical differences 132 

between them in the expression of any of the studied cell markers, or in the studied 133 

projections. Animals were perfused transcardially under deep pentobarbital anesthesia, first 134 

with 10 ml of physiological saline followed by 30 min of fixative, at a flow rate of 4 ml/min. A 135 

fixative containing 4% paraformaldehyde (PFA) with 15% of a saturated solution of picric acid 136 

in 0.1 M phosphate buffer (PB) was used for light microscopy and confocal studies, whereas 137 

for electron microscopy the fixative contained 0.5% glutaraldehyde in addition. For Timm 138 

staining, the animals were initially perfused with 20 ml of 0.05% Na2S in PB instead of saline (4 139 

ml/min), followed by the fixative for light microscopy. After perfusion, brains were removed 140 

and cut as 60 m-thick coronal sections on a vibratome (VT1000S, Leica). All the tissue was 141 

stored in PB with 0.05% sodium azide at 4°C. 142 

Tracer injection 143 

Four adult mice (approximately 3-4 months old) were anesthetized and then, using a 144 

stereotaxic apparatus (Kopf Instruments), were intracerebrally injected with the anterograde 145 

tracer biotin dextran amine (BDA) (10 kDa; 10% in 0.1 M PB; Invitrogen) in the 146 
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supramammillary nucleus (bregma -2.80 mm, lateral 0 mm, depth 4.3 mm). Coordinates were 147 

calculated according to the Paxinos’ Atlas (Paxinos and Franklin, 2012). The tracer was 148 

delivered by iontophoresis via 7 second on/off 5-10 A current pulses for 15 min using a 149 

borosilicate micropipette. After 5-7 days of survival, animals were transcardially perfused with 150 

the glutaraldehyde fixative as described previously. A parallel series of sections taken from 151 

each animal (1 in 6 sections) was incubated in avidin-biotin complex (ABC, 1:200, DAKO) in PB 152 

containing 0.1% Triton X-100 and developed using nickel intensified diaminobenzidine (DAB) to 153 

visualize the injection site and the anterograde labeling. 154 

Fluorescent immunohistochemistry 155 

The immunostaining for confocal microscopy was done in free floating sections. Sections were 156 

blocked using 10% normal donkey serum (NDS) in PB saline containing 0.2% Triton X-100 (PBS-157 

Tx) for 1 hour at room temperature. The incubations with the primary antibodies were 158 

performed overnight at room temperature, or 48 hours at 4°C. The following primaries were 159 

used: mouse anti-bassoon (1:2000; ab82958 Abcam), rabbit anti-calretinin (1:2000; 7699/3H 160 

Swant), mouse anti-calretinin (1:5000; 6B3 Swant), guinea pig anti-parvalbumin (1:2000; 161 

195004 Synaptic Systems), rabbit anti-parvalbumin (1:5000; PV-28 Swant), goat anti-PSD95 162 

(1:1000; ab12093 Abcam), mouse anti-gephyrin (1:1000; 147011 Synaptic Systems) and mouse 163 

anti-synaptophysin (1:1000; S5768 Sigma). The secondary antibodies (1:400) were donkey anti-164 

rabbit IgG conjugated with Alexa Fluor 488, A555 or 647 (Molecular Probes); donkey anti-165 

mouse IgG conjugated with Alexa Fluor 488, DyLight 549 or 649 (Jackson ImmunoResearch); 166 

goat anti-guinea pig IgG conjugated with Alexa Fluor 488 (Invitrogen); and donkey anti-guinea 167 

pig IgG conjugated with DyLight 549 or 649 (Jackson ImmunoResearch). Mounting Medium for 168 

fluorescence (refractive index 1.47-1.5; DAKO) was used to mount the section onto the slides. 169 

Slides were analyzed under a confocal scanning microscope (Leica TSC-SPE). For quantification 170 

of the perisomatic innervation of parvalbumin cells, Z-series of focal planes were taken from 171 
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the surface of the section to the maximal Z that penetration of the antibody allowed (HCX PL 172 

APO 63x oil objective; NA: 1.4, z step size 0.5 m, xy: 0.07 m/pixel). For image analysis we 173 

used FIJI (ImageJ 1.49j10; Schindelin et al., 2012). Appositions of synaptic puncta were 174 

quantified as follows: for presynaptic markers – synaptophysin, calretinin, bassoon and VGluT2 175 

- only those puncta that overlapped the outside edge of the parvalbumin profiles with no 176 

apparent space between both profiles, were considered as positive; for postsynaptic markers – 177 

PSD95 and gephyrin – only those puncta inside the parvalbumin profile near the inner edge of 178 

the parvalbumin profile were considered as positive. In the study comparing the excitatory and 179 

inhibitory inputs to the perisomatic area of parvalbumin interneurons, data are given as 180 

percentages of PSD95 or gephyrin in relation to the total number of puncta expressing 181 

postsynaptic markers, which was calculated as the sum of PSD95-positive elements and 182 

gephyrin-positive elements in close apposition to the soma border by its inner side.  183 

 184 

Immunohistochemistry for electron microscopy 185 

For electron microscopy, we used sections from animals fixed with a fixative containing 186 

glutaraldehyde. To enhance the penetration of the antisera, the sections were cryoprotected 187 

in 10% glycerol, 25% sucrose in 0.01 M PB and then freeze-thawed three times above liquid 188 

nitrogen. No detergent was used either for washing or incubations. The sections were then 189 

treated in 1% sodium borohydride in 0.1 M PB for 20 min. Afterwards, they were blocked in 190 

10% normal goat serum dissolved in 0.1 M PB. Then, the sections were incubated with mouse 191 

anti-calretinin (1:5000; 6B3 Swant) for two days at 4 °C. As secondary antibody, we used 192 

biotinylated goat anti-mouse IgG (1:200, Invitrogen) for 2h. Then, we used the ABC method 193 

(1:200, DAKO) and developed the color using the Ni intensified DAB technique (black color). 194 

After that, the sections were subjected to a second immunostaining using rabbit anti-195 

parvalbumin (1:5000; PV-28 Swant), biotinylated goat anti-rabbit IgG (1:200, Invitrogen) and 196 
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ABC (1:200, DAKO). Subsequently color was developed using DAB, which produces brown 197 

color. Double stained sections were treated with 1% OsO4 (Electron Microscopy Sciences) and 198 

7% glucose in 0.1 M PB for 45 minutes at room temperature. Then, sections were treated with 199 

2% uranyl acetate in maleate buffer. Afterwards, they were dehydrated in ascending series of 200 

cold ethanol, cleared in propylene oxide, embedded in epoxy resin (Durcupan, Sigma) and flat 201 

mounted on microscope slides. Specimens were studied under the light microscope, and the 202 

cells to be further analyzed using electron microscopy were isolated and re-embedded on an 203 

epoxy resin block. Then, 50 nm-thick ultrathin sections were obtained using an ultramicrotome 204 

(Leica EM UC6), collected on Formvar-coated grids and counterstained with lead citrate for 12 205 

minutes. Sections were examined using a JEOL JEM-1010 transmission electron microscope. 206 

Images were acquired using either MegaView I digital camera or AMT RX80 digital camera. 207 

Serial ultrathin sections were collected on Formvar-coated slot grids until the penetration of 208 

the calretinin antibody diminished. All consecutive ultrathin sections were analyzed, to verify 209 

whether the calretinin-containing profiles made synaptic contact on the cells. 210 

 211 

Synaptic zinc histochemistry 212 

Animals destined to zinc histochemistry were processed for Timm staining immediately, to 213 

avoid the loss of zincergic fibers. Sections were washed 3 x 20 min in 0.1 M PB and then 214 

incubated in a solution containing: 14% acacia gum, 1.7% hydroquinone, 0.08% silver nitrate, 215 

2.4% citric acid and 2.3% trisodium citrate. Autometallography was stopped using 5% sodium 216 

thiosulfate in PB. Then, sections were processed for immunohistochemistry against 217 

parvalbumin (rabbit anti-parvalbumin, 1:5000; PV-28 Swant) using the ABC method or 218 

mounted directly. 219 

 220 

Whole-cell patch-clamp 221 
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For the whole-cell patch clamp recordings, P15-P23 postnatal CD-1 mice were used. This range 222 

was chosen because it allowed a high survival of cells when preparing slices, with a relatively 223 

well-formed dentate gyrus. In addition, this age also ensured that the possible postsynaptic 224 

parvalbumin interneurons would remain as healthy as possible and were not degenerating in 225 

the slice. Pups were deeply anesthetized with isoflurane (IsoFlo 1385 ESP, Esteve Veterinaria) 226 

and decapitated. The head was immediately transferred into an ice-cold solution containing (in 227 

mM): KCl 2.5; MgCl2 5; CaCl2 0.5; NaH2PO4 1.25; glucose 10; NaHCO3 26; sucrose 252; bubbled 228 

with carbogen (95% O2 / 5% CO2) and then the brain was quickly removed from the skull. 229 

Horizontal slices of 300 m thickness were cut using a vibratome (VT 1000S, Leica) and placed 230 

into an interface-type holding chamber containing artificial cerebrospinal fluid (aCSF) at room 231 

temperature. ACSF contained (in mM): KCl 2.5; MgCl2 2; CaCl2 2; NaH2PO4 1.25; glucose 10; 232 

NaHCO3 26; NaCl 126; bubbled with carbogen. Sections were stabilized in this solution for at 233 

least 1h prior to placing them into a recording chamber. 234 

Patch pipettes were pulled from borosilicate glass capillaries with 1.5 mm O.D. and 0.84 mm 235 

I.D. (World Precision Instruments) using a P-97 puller (Sutter Instruments). They were filled 236 

with a solution that contained (in mM) NaCl 4; K-Gluconate 110; KCl 20; HEPES 10; MgCl2 2. 237 

Biocytin (Sigma) was included in the pipette solution to procure the intracellular labeling of the 238 

recorded cell. Pipette resistance was checked in the bath, varying from 3 to 6 MOhm. Whole-239 

cell recordings were performed in oxygenated aCSF under visual guidance using an Olympus 240 

Microscope (BX51WI, Olympus) with differential interference contrast optics, visualized by a 241 

NIR CCD camera (C7500-51 Hamamatsu). The amplifier used was an AM2400 (AM Systems), 242 

connected to a CED Micro 1401 AD converter (Cambridge Electronic Design Limited). Recorded 243 

neurons were kept for 5 minutes in Vclamp at a holding voltage of -75 mV, as it has been 244 

described that these cells have a hyperpolarized resting membrane potential (Spruston and 245 

Johnston, 1992; Staley et al., 1992; Penttonen et al., 1997; Williams et al., 2007). Patched cells 246 

were kept firing action potentials for at least 10 min to improve the axonal filling. After 10-20 247 
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minutes, the slices were fixed by immersion in a fixative solution containing 4% PFA and 0.5% 248 

glutaraldehyde. Fixed slices were re-sectioned to 60 m-thick sections and then processed for 249 

biocytin detection using ABC (1:200, 4h). The reaction was visualized using Ni-intensified DAB. 250 

Those cells that presented collaterals with varicosities in the inner molecular layer and granule 251 

cell layer were further processed for parvalbumin immunoreactivity (rabbit anti-parvalbumin, 252 

1:5000; PV-28 Swant) using DAB, either for light or electron microscopy as described above.  A 253 

subset of the fixed slices was developed with Alexa 488-conjugated Streptavidin (1:400. 254 

Molecular probes S11223) in PB containing 0.2% Triton X-100, mounted in DAKO fluorescent 255 

mounting medium and imaged using a confocal scanning microscope (Leica TSC-SPE, HCX PL 256 

APO U-V-I 40x objective; NA: 0.75, z step size 0.84 m, xy: 0.27 m/pixel). Once imaged, slices 257 

containing collaterals with varicosities in the granule cell layer were demounted, re-sectioned 258 

to 60 m-thick sections, developed using Ni-intensified DAB and processed for parvalbumin 259 

immunoreactivity as described previously. An additional batch of slices was developed with 260 

Cy3-conjugated Streptavidin (1:5000. Sigma Aldrich S6402) in PB containing 0.5% Triton X-100, 261 

and subsequently immunostained for parvalbumin (rabbit anti-parvalbumin (1:1000. SySy 262 

195002) in PB containing 1% Triton X-100, and visualized using an A488-conjugated donkey 263 

anti-rabbit antibody (1:400. Jackson 711545152).  264 

 265 

Morphometric analysis of granular and semilunar granule cells 266 

To analyze the morphological differences between both populations of granule cells we used 267 

confocal stacks of intracellularly filled cells visualized using Streptavidin-A488 or Streptavidin-268 

Cy3. We performed the Sholl analysis of the dendritic tree (Sholl, 1953), using the Stitching 269 

plugin and the Simple Neurite Tracer plugin in ImageJ. We also evaluated the number of 270 

primary dendrites, dendritic spread angle (considering a vertex the most basal part of the 271 
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soma and the sides as the most lateral dendrites in the outer molecular layer), total dendritic 272 

length and horizontal diameter of the somata.  273 

 274 

Statistical analysis 275 

Statistical analysis was performed using OriginPro2015. For comparison of the proportion of 276 

PSD95 and gephyrin, a t-test with no assumption of equal variances was used against the 277 

hypothesis of the proportion of PSD95 being higher than 50%. For the comparison of the 278 

Morphometric analysis, the Mann-Whitney test was used. Graphics were produced by using 279 

OriginPro 2015. Data are shown as mean ± SEM. 280 

  281 
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RESULTS 282 

Perisomatic excitatory innervation on parvalbumin-expressing interneurons in the granule 283 

cell layer  284 

To assess the ratio of perisomatic excitatory innervation received by parvalbumin 285 

interneurons, multicolor immunofluorescence microscopy was performed. We combined 286 

parvalbumin immunostaining with the visualization of the following postsynaptic markers: 287 

postsynaptic density protein 95 kDa (PSD95) and gephyrin (Figure 1). PSD95 is located in the 288 

postsynaptic density at asymmetric synapses and functions as an anchoring element for AMPA 289 

and NMDA receptors among other synaptic proteins (Lin et al., 2004; Jackson and Nicoll, 2011). 290 

Gephyrin labels specifically the postsynaptic specialization of inhibitory synapses (Fritschy et 291 

al., 2008). 292 

Using a triple immunostaining for parvalbumin, PSD95 and gephyrin, a total of 16 molecular 293 

layer parvalbumin interneurons (Figure 1A) and 16 parvalbumin interneurons sitting in the 294 

granule cell layer (Figure 1B) were analyzed in the dentate gyrus of 3 different animals. The cell 295 

depth analyzed in each parvalbumin cell was the same for both postsynaptic density markers 296 

(average of 9 m). About 200 positive elements were quantified per cell, in the soma and 297 

proximal portion of the dendrites, which has been considered functionally equivalent to the 298 

soma (Gulyás et al., 1999; Meg�as et al., 2001; Papp et al., 2001; Vereczki et al., 2016). 299 

Molecular layer parvalbumin interneurons had about the same number of PSD95- as gephyrin-300 

positive puncta (1709 and 1280 puncta in 16 cells; 54.03 ± 2.39% and 45.97 ± 2.40%; P > 0.05. 301 

Figures 1A and C). Granule cell layer parvalbumin cells presented more PSD95- than gephyrin-302 

positive puncta (1962 and 1329 puncta in 16 cells; 58.72 ± 2.12% and 41.28 ± 2.12% 303 

respectively; P < 0.001. Figures 1B and D). For the total number of parvalbumin cells, the 304 

percentage of PSD95-positive postsynaptic elements was also higher than the percentage of 305 
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gephyrin-positive postsynaptic elements (3617 and 2609 puncta in 32 cells; 56.38 ± 1.62% and 306 

43.62 ± 1.62% respectively; P < 0.001). 307 

In summary, our results showed that parvalbumin cells presented slightly more PSD95-positive 308 

elements than gephyrin-positive ones. Therefore, the number of perisomatic excitatory 309 

boutons on parvalbumin interneurons is higher than the number of inhibitory ones. 310 

 311 

Mossy cells contribute only marginally to the perisomatic excitatory innervation of 312 

parvalbumin interneurons in the granule cell layer 313 

As synaptic contacts from the hilar mossy cell axons in their way into the inner molecular layer 314 

have been described among the possible sources of perisomatic excitatory connections on 315 

parvalbumin interneurons (Seress and Ribak, 1984), we aimed to assess their abundance. To 316 

this end, we analyzed the perisomatic innervation of parvalbumin interneurons in the granule 317 

cell layer using cellular and synaptic markers, and studied their colocalization at the confocal 318 

microscopic level.  319 

To specifically label the mossy cell axons, we used calretinin, as it has been proved to reliably 320 

stain mossy cell fibers and synaptic boutons in the mouse (Blasco-Ibáñez and Freund, 1997), 321 

whereas parvalbumin was used as a marker for fast-spiking interneurons. Labeling for 322 

calretinin and parvalbumin was combined with different synaptic markers. Synaptophysin was 323 

used as a marker of the presynaptic elements and PSD95 to visualize the postsynaptic 324 

elements of excitatory contacts and to avoid considering calretinin-containing GABAergic 325 

axons. A total of 6 parvalbumin cells from 3 different animals, selected by their morphology 326 

and dendritic distribution, were analyzed to quantify the presence of calretinin-expressing 327 

axonal varicosities expressing synaptic markers in close apposition to parvalbumin 328 

interneurons (Figure 2A). We only considered for quantification those parvalbumin 329 

interneurons located in the granule cell layer. 330 
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Triple immunohistochemistry with parvalbumin, calretinin and synaptophysin antibodies 331 

(Figure 2B-D) allowed us to estimate the maximum possible number of calretinin-positive 332 

boutons from mossy cells targeting parvalbumin interneurons. Our results showed that mossy 333 

cells may perisomatically innervate parvalbumin interneurons, though less than expected. 334 

First, we analyzed 294 synaptophysin-positive puncta in close apposition to parvalbumin cells, 335 

of which 43 (14.6%) were located on the soma, 85 (28.9%) were located on the granule cell 336 

layer dendritic shafts, 135 (45.9%) on the dendrites located in the inner molecular layer, and 337 

31 (10.6%) boutons on proximal dendrites located in the hilus. When these synaptophysin-338 

containing profiles were checked for colocalization with calretinin, we found that the presence 339 

of putative synaptic boutons in apposition with parvalbumin cells is more evident in the inner 340 

molecular layer, were mossy cells send their axon terminals (27 ± 3% of synaptophysin-positive 341 

elements in apposition with parvalbumin dendritic trunks in this area contained calretinin). On 342 

the soma they were less abundant, although we also found some double labeled puncta (16 ± 343 

3%). On the parvalbumin-positive dendrites located in the granule cell layer we only found 344 

some calretinin-positive presynaptic elements (7 ± 2%). Finally, in the dendrites located in the 345 

subgranular region of the dentate gyrus, we rarely found calretinin-positive presynaptic 346 

elements (2 ± 3%) in close apposition to a parvalbumin-containing profile.  347 

However, this approach had two limitations. First, it did not show if the synaptophysin-348 

containing boutons correspond to synaptic contacts with the interneuron. Second, it did not 349 

allow us to distinguish between GABAergic and glutamatergic boutons, as both may express 350 

calretinin. To overcome these limitations, we next made a triple immunohistochemistry with 351 

PSD95, calretinin and parvalbumin and analyzed how many calretinin-positive puncta were 352 

adjacent to PSD95 labeling at the membrane surface of parvalbumin cells (Figure 2E, F). To this 353 

end, we analyzed 6 cells and quantified a total of 281 PSD95 puncta located in the inner side of 354 

the cell surface. PSD95 puncta were abundant on somata (n=104) but only 8 ± 1% were close 355 

to calretinin-immunoreactive elements. On the dendrites in the granule cell layer, even less (3 356 



 

 17 

± 3%, n=18) PSD95 puncta apposed calretinin-containing profiles. Colocalization was higher in 357 

the inner molecular layer dendrites, where 13 ± 1% of the PSD95 puncta were juxtaposed to 358 

calretinin elements (n=125). None of the 34 PSD95 puncta on parvalbumin dendrites in the 359 

hilus was attributable to calretinin elements.  360 

Comparison of these two independent data sets obtained by immunostaining for 361 

synaptophysin and PSD95 indicates that the number of calretinin-expressing boutons apposed 362 

to PSD95 on the parvalbumin interneuron surface was only a small fraction of the number of 363 

calretinin-expressing axon terminals containing synaptophysin. Several reasons may account 364 

for these observations, including i) a part of the boutons containing calretinin and 365 

synaptophysin could correspond to GABAergic axon terminals, ii) some calretinin-positive 366 

glutamatergic varicosities do not form synapses, and iii) a few calretinin-containing mossy cell 367 

terminals are so small that the detection of PSD95 at these boutons may be compromised.  368 

To confirm the data of the PSD95 experiment, we analyzed the ultrastructure of calretitin-369 

expressing boutons in double immunostained sections using electron microscopy. In this set of 370 

experiments calretinin and parvalbumin were visualized by DAB-Ni and DAB staining, 371 

respectively. This methodology allowed us to distinguish profiles stained at the light 372 

microscopic level and then perform correlative light and electron microscopy. A total number 373 

of 8 parvalbumin cells were analyzed with this method. Only parvalbumin interneurons having 374 

evidence of calretinin-positive elements in apposition at the light microscopic level were 375 

studied. These cells were analyzed in serial ultrathin sections up to the depth that antibody 376 

penetration allowed. We found that calretinin-positive elements in apposition to parvalbumin 377 

cells in the granule cell layer rarely (4.8%, 3 out of 62) made asymmetric synaptic contacts on 378 

parvalbumin cells in the granule cell layer (Figure 3). In molecular layer interneurons, however, 379 

the frequency of calretinin-positive boutons in apposition to parvalbumin profiles was higher 380 
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(11.1%, 6 out of 54). In all cases, however, calretinin-positive boutons making asymmetrical 381 

contacts were found on the parvalbumin dendrites in the inner molecular layer.  382 

Many of the calretinin-positive elements corresponded to thin profiles, running along 383 

parvalbumin interneurons in the granule cell layer (Figure 3A-B). The proximity of these fibers 384 

made us suppose that the probability of presenting synaptic contacts with the soma and apical 385 

dendrite was rather high. In contrast, no clear postsynaptic membrane specialization 386 

supporting excitatory neurotransmission was observed. We sometimes found a 387 

submembranous density under a ‘climbing’ calretinin-positive fiber that could suggest a 388 

synaptic contact, but no other features of synaptic boutons appeared, such as nearby 389 

mitochondria, synaptic vesicles or an enlargement of the fiber. Electron-density in the DAB-Ni 390 

labeled calretinin element prevented us to discard them as puncta adherentia junctions. 391 

Finally, calretinin-containing boutons establishing asymmetric synaptic contacts with non-392 

parvalbumin elements were also observed in the near vicinity of parvalbumin-positive cells 393 

(Figure 3F, arrow). 394 

On the other hand, there were numerous boutons unlabeled for calretinin establishing 395 

asymmetric synapses on parvalbumin-positive cells (Figure 4). The morphology of unlabeled 396 

excitatory contacts resembled the en passant boutons from mossy fibers described by Blasco-397 

Ibáñez et al., (2000) (Figure 4C-D). They were rather small and had round vesicles, but dense 398 

core vesicles could be also observed. They established large asymmetric synaptic contacts on 399 

the postsynaptic parvalbumin profiles. Parvalbumin dendrites in the juxtagranular hilus were 400 

likewise covered by boutons unlabeled for calretinin, making asymmetric contacts with the 401 

same morphology as on the soma (Figure 4F).  402 

In conclusion, although a total of 9 calretinin boutons were found to establish asymmetric 403 

synaptic contacts on the perisomatic region of parvalbumin cells, this innervation was indeed 404 

scarce. In addition, under our conditions, no clear difference was observed for parvalbumin 405 
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interneurons with distinct morphology except for one type: the molecular layer parvalbumin-406 

positive interneuron, which received a somewhat larger amount of synaptic contacts from 407 

calretinin boutons on their perisomatic region. These data suggest that the presence of 408 

calretinin boutons establishing asymmetric synapses on parvalbumin elements depends mainly 409 

on the location of the somata and dendrites. As the parvalbumin cells receiving more calretinin 410 

inputs were present in the inner molecular layer, but rarely in the granule cell layer, these data 411 

point to a layer specificity rather than to a cell topology.  412 

 413 

Supramammillary afferents do not participate in the perisomatic excitatory innervation of 414 

parvalbumin interneurons  415 

In addition to the mossy cell innervation, supramammillary afferents that preferentially 416 

terminate in the inner molecular layer with some collaterals entering into the granule cell layer 417 

(Maglóczky et al., 1994) may also contact parvalbumin interneurons. By examining 418 

immunostained sections for vesicular glutamate transporter 2 (VGLUT2) as a marker for this 419 

subcortical input (Boulland et al., 2009), and bassoon as marker for presynaptic release sites, 420 

we could not observe that VGLUT2-containing elements apposing parvalbumin cells express 421 

bassoon (Figure 5A). Therefore, we conclude that supramammillary afferents do not make 422 

contact on the perisomatic region of parvalbumin cells. To strengthen this surprising 423 

observation, we combined anterograde labeling of afferents from the supramammillary 424 

nucleus using BDA with parvalbumin immunostaining. In spite of selecting cells with fibers that 425 

seemed to appose the parvalbumin cell on their soma or proximal dendrites, we failed to find 426 

synaptic contacts on these interneurons using electron microscopy, although many times they 427 

were next to parvalbumin elements (Figure 5C). The BDA fibers made scarce contacts in this 428 

area and always on granule cell somata (Figure 5D-E), in agreement with previous findings 429 

(Maglóczky et al., 1994). 430 
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Therefore, although we cannot rule out that some parvalbumin interneurons in the dentate 431 

gyrus are contacted by this subcortical projection as it has been observed in monkeys (Leranth 432 

and Nitsch, 1994; Nitsch and Leranth, 1994), our data suggest that supramammillary input is 433 

not a substantial source of perisomatic innervation for the majority of fast-spiking 434 

interneurons, at least in mice. 435 

 436 

Perisomatic excitatory innervation from Timm-positive boutons on parvalbumin 437 

interneurons in the granule cell layer 438 

Timm-positive boutons provide a major source of perisomatic innervation onto parvalbumin 439 

interneurons (Ribak and Peterson, 1991; Kneisler and Dingledine, 1995; Blasco-Ibáñez et al., 440 

2000). In several of these studies, Timm staining has been used as an evidence of this 441 

innervation originating from granule cells, as their axon collaterals, the mossy fibers have 442 

vesicular zinc in their synaptic boutons at a high concentration. However, these studies were 443 

performed in the rat. To confirm the presence of this innervation in mice, we combined the 444 

Timm technique with parvalbumin immunostaining in 2 adult mice. In the mouse, similarly to 445 

the rat, Timm-positive boutons formed basket-like arrangements surrounding the 446 

parvalbumin-positive interneurons in the granule cell layer, and followed closely the shape of 447 

the dendrites present in this area (Figure 6A). We confirmed using electron microscopy that 448 

these boutons make asymmetric synaptic contacts on the parvalbumin cells (data not shown). 449 

They were smaller than the mossy terminals characteristic of the mossy fibers, had round clear 450 

vesicles and presented dense core vesicles (Blasco-Ibáñez et al., 2000).  451 

 452 

Typical granule cells do not have axon collaterals in the granule cell layer 453 
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To identify the source of the Timm-positive innervation on the parvalbumin interneurons, we 454 

examined the morphology of individual granule cells by intracellular labeling them with 455 

biocytin in acute brain slices. This procedure allows for complete analysis of the dendritic and 456 

axonal arbor present in the slice.  457 

A total of 19 granule cells located within the granule cell layer were evaluated for this 458 

objective. Generally, cells located in the subgranular zone were excluded from intracellular 459 

filling to reduce the possibilities of filling immature granule cells. In accordance with previously 460 

published data (Acsády et al., 1998; Frotscher et al., 2006), in our sample of granule cells no 461 

collaterals were found in the granule cell layer, and no varicosities were observed until the 462 

axon reached the hilus. In addition, we did not find any mossy fiber collaterals raising from the 463 

hilus and entering the granule cell layer. Thus, it is highly unlikely that typical granule cells 464 

innervate the perisomatic region of parvalbumin interneurons.  465 

 466 

Semilunar granule cells  467 

Our unexpected results showing that none of the potential sources, i.e. mossy cells, typical 468 

granule cells and supramammillary afferents, provided significant perisomatic glutamatergic 469 

inputs onto parvalbumin interneurons, prompted us to test whether a scarce type of granule 470 

cells, the semilunar granule cells may contribute to this innervation. Semilunar granule cells 471 

were intracellularly filled in slice preparations similarly to typical granule cells.  472 

According to previous studies (Williams et al., 2007; Save et al., 2019) the morphological 473 

analysis of the intracellularly labeled cells revealed that granule cells (Figure 7A) and semilunar 474 

granule cells (Figure 7B) could be differentiated according to their features (see Table 1). The 475 

Sholl analysis of the two types of cells (Figure 7E) showed that the number of intersections up 476 

to 60 m from the soma was statistically larger for semilunar cells than for granule cells. The 477 

number of primary dendrites was higher in semilunar cells (Figure 7F), as it was the spread 478 
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angle of the dendritic tree (Figure 7G), the total dendritic length (Figure 7H) and the horizontal 479 

diameter of the soma (Figure 7I). 480 

To evaluate if semilunar granule cells are a source of excitatory input to parvalbumin 481 

interneurons, a first batch of 41 semilunar granule cells were filled with biocytin, re-sectioned 482 

and developed with DAB-Ni. Only cells that were located in the inner molecular layer close to 483 

the granule cell layer and which had a typical semilunar morphology were used for the 484 

subsequent parvalbumin immunostaining. From these cells, 4 presented putative contacts on 485 

parvalbumin interneurons that clearly resembled those of Timm-positive fibers (Figure 6).  486 

Additionally, we intracellularly filled a second batch of semilunar granule cells that were 487 

visualized with Streptavidin-Cy3. In this batch, slices were immunostained for parvalbumin 488 

without re-sectioning and possible contacts were checked using confocal microscopy. From 489 

this second batch, 4 out of 47 cells presented putative contacts on the perisomatic region of 490 

parvalbumin interneurons located in the granule cell layer. 491 

We pooled the 8 inner molecular layer granule cells with axonal collaterals making contacts on 492 

parvalbumin cells in the granule cell layer (SGCs-PV) to compare them to both, granule cells 493 

and semilunar granule cells. The morphological analysis confirmed that these cells are 494 

different from normal granule cells but cannot be distinguished from semilunar granule cells 495 

(Table 1). Sholl analysis revealed differences in the arborization between granule cells and 496 

SGC-PVs close to the soma (Figure 7E), but not between semilunar cells and SGC-PVs. We also 497 

found differences in two additional morphological parameters between granule cells and 498 

SGCs-PV in the number of primary dendrites (Figure 7F) and dendritic spread angle (Figure 7G), 499 

but not between semilunar cells and SGCs-PV (Figure 7 E-I).  500 

To confirm that semilunar granule cell axons did innervate granule cell layer interneurons, we 501 

searched for the synaptic contacts using electron microscopy. We selected suitable examples 502 

in which the axon contacted parvalbumin cells and penetration of antibodies as well as quality 503 
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of the ultrastructure were acceptable (Figure 8). The collaterals of the semilunar granule cell 504 

axons established dendritic and perisomatic contacts on a typical parvalbumin cell (Figure 8A-505 

B). The electron microscopic reconstruction of the axonal collaterals in apposition to the 506 

parvalbumin cell confirmed that the fibers made asymmetric synaptic contacts on the inner 507 

molecular layer proximal dendrites of the targeted parvalbumin interneuron (Figure 8B), and 508 

on the dendritic trunk of the parvalbumin interneuron in the granule cell layer (Figure 8C). The 509 

boutons were small and filled with round vesicles. Their morphology was similar to the one 510 

revealed for the Timm-positive boutons on parvalbumin interneurons described earlier in rat 511 

(Blasco-Ibáñez et al., 2000). In the juxtagranular hilus, the axon also made synaptic contacts on 512 

large caliber parvalbumin dendrites probably originating from these cells (Figure 8D).  513 

Light and electron microscopy confirmed the identity of the intracellularly labeled cells by their 514 

morphology and ultrastructure. Their dendrites were covered by spines, which received small 515 

boutons making asymmetric synaptic contacts, as expected for granule cells. The large 516 

varicosities of the axon in the hilus corresponded to typical mossy terminals that formed 517 

multiple asymmetric synapses on mossy cell complex spines (Extended Data Figure 8-1). 518 

In conclusion, our results showed that the Timm-positive perisomatic innervation observed on 519 

the parvalbumin cells originates mainly, if not exclusively from semilunar granule cells. 520 

  521 
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DISCUSSION 522 

In the present work we analyzed the origin and relevance of the perisomatic excitatory 523 

connectivity on the parvalbumin fast-spiking cells in the dentate gyrus. 524 

Our first approach to reveal the contribution of the excitatory inputs to the perisomatic 525 

innervation on parvalbumin cells was to compare it with the inhibitory inputs using gephyrin 526 

and PSD95 as postsynaptic markers (Lin et al., 2004; Fritschy et al., 2008; Jackson and Nicoll, 527 

2011). Our data showed that the perisomatic excitatory input on parvalbumin interneurons is 528 

more abundant than the inhibitory perisomatic input. This is in agreement with previous 529 

results obtained for parvalbumin interneurons in the CA1 region of the rat hippocampus 530 

(Gulyás et al., 1999). Thus, the strong excitatory drive on the soma is a common characteristic 531 

shared by all parvalbumin-expressing fast-spiking interneurons.  532 

Dentate gyrus parvalbumin cells receive excitatory input from the entorhinal cortex via the 533 

perforant path in the outer two thirds of the molecular layer (Zipp et al., 1989), as well as from 534 

fibers of mossy cells in the inner molecular layer (Seress and Ribak, 1984). The latter study has 535 

also described a frequent perisomatic innervation from degenerated commissural fibers 536 

(originating likely from mossy cells) on parvalbumin cells present in the molecular layer, but 537 

only one synaptic contact was observed by the authors on those interneurons located in 538 

granule cell layer. As the previous study was done on degenerated boutons, their symmetric or 539 

asymmetric nature of the contacts could not be reported and therefore this innervation could 540 

originate even from hilar interneurons, which are known to project to the contralateral 541 

dentate gyrus (Zappone and Sloviter, 2001). Although it has been suggested that commissural 542 

boutons synapse on the somata of parvalbumin cells, the relevance of this projection has not 543 

been tested. These data suggest that the commissural innervation of parvalbumin cells is layer 544 

specific rather than cell type specific. 545 
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Other source of asymmetrical boutons on dentate gyrus parvalbumin cells may come from 546 

supramammillary fibers (Leranth and Nitsch, 1994; Nitsch and Leranth, 1994). However, these 547 

authors showed in monkey that most parvalbumin cells were not targeted, but only a small 548 

fraction of the parvalbumin cells located in the upper half of the granule cell layer. 549 

Supramammillary fibers co-release glutamate and GABA, but the net effect is excitatory 550 

(Hashimotodani et al., 2018). We did not find parvalbumin cells targeted by either anterograde 551 

fibers from the supramammillary nucleus nor by vesicular glutamate transporter 2-containing 552 

axon terminals in the dentate gyrus. Therefore, we feel safe to conclude that the 553 

supramammillary nucleus does not contribute to the perisomatic excitatory drive of 554 

parvalbumin interneurons in the dentate gyrus, at least in mice.  555 

On the other hand, it has been shown that the somata of parvalbumin cells receive a high 556 

number of Timm-positive boutons that make asymmetric contacts on them (Blasco-Ibáñez et 557 

al., 2000). Timm-positive boutons concentrate in the hilus and stratum lucidum, where they 558 

correspond to mossy fibers, the axons of granule cells. In the granule cell layer, Timm staining 559 

reveals only a few axon collaterals and, most importantly, only when a special care is taken for 560 

the detection of vesicular zinc. These collaterals have been suggested to originate from 561 

granule cells, however, no definitive proof has been provided yet, since this staining only labels 562 

the boutons and does not allow locating the cell from which they originate. Indeed, the 563 

number of granule cells is too large as compared with the number of GABAergic cells involved 564 

in these innervations (Blasco-Ibáñez et al., 2000). In addition to granule cells, other 565 

glutamatergic sources of boutons that contain zinc have been described in this area, such as 566 

the mossy cells and the axon terminals of entorhinal pyramidal cells (Pérez-Clausell and 567 

Danscher, 1985; Valente et al., 2002; Paoletti et al., 2009). There is evidence showing that 568 

entorhinal fibers may enter into the hilus through the granule cell layer (Deller et al., 1996). 569 

However, the strength of Timm staining in the axonal varicosities of these two glutamatergic 570 

neuron types is considerably lower than in the axon terminals of granule cells, yet their 571 
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contribution to the Timm stained boutons surrounding parvalbumin interneurons cannot be 572 

discarded directly. 573 

Perisomatic excitatory innervation from mossy cells onto parvalbumin cells in the granule 574 

cell layer 575 

We used calretinin as a marker for mossy cell axon terminals as it has been shown that in 576 

mouse the latter are highly immunoreactive for this Ca2+ binding protein (Liu et al., 1996; 577 

Blasco-Ibáñez and Freund, 1997). We found, however, that varicose axons from the mossy 578 

cells that pass close to parvalbumin-positive interneurons through the granule cell layer make 579 

no contacts with them. Moreover, boutons from other cells also express calretinin in the 580 

dentate gyrus: i) boutons coming from the supramammillary nucleus (Maglóczky et al., 1994) 581 

and ii) boutons from interneuron-specific interneurons (Gulyás et al., 1996; Hájos et al., 1996).  582 

The possibility that some of the calretinin-positive elements that we have seen around 583 

parvalbumin interneurons come from supramammillary fibers had to be considered, since they 584 

also establish asymmetric synapses and are calretinin-immunoreactive in the rat (Maglóczky et 585 

al., 1994). However, double immunostaining for calretinin and vesicular glutamate transporter 586 

2 to label fibers of extracortical origin yielded no colocalization in the granule cell layer and 587 

inner molecular layer of the mouse dentate gyrus (data not shown). Calretinin boutons coming 588 

from interneurons are not abundant. The possibility of having calretinin-positive elements that 589 

establish symmetric contacts is also low, as interneuron-selective interneurons expressing 590 

calretinin avoid parvalbumin cells (Gulyás et al., 1996; Blasco-Ibáñez et al., 1998). Boutons of 591 

mossy cells and interneurons could be distinguished by combining the labeling with markers 592 

for excitatory and inhibitory postsynaptic sites (PSD95 and gephyrin, respectively) or by 593 

electron microscopy. Therefore, the calretinin boutons apposing parvalbumin cells are very 594 

likely to come from the hilar mossy cells. In our correlated light and electron microscopic 595 

study, no clear synaptic contacts from calretinin-containing mossy cell boutons could be found 596 
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on the perisomatic region of parvalbumin cells with soma located in the granule cell layer. We 597 

found, however, synaptic contacts from calretinin boutons on parvalbumin cells and dendrites 598 

in the inner molecular layer. In summary, our results show that the main, and almost exclusive, 599 

source of perisomatic excitatory innervation onto parvalbumin-positive cells in the granule cell 600 

layer are the Timm-positive boutons. In line with this suggestion, excitatory synapses that 601 

shared the characteristics of en passant boutons from Timm-positive fibers were easily found. 602 

These results collectively indicate that mossy cells do not provide a substantial perisomatic 603 

excitatory drive onto parvalbumin cells in the granule cell layer. Importantly, mossy cell 604 

innervation seems to be layer specific rather than cell type specific in comparison to the 605 

projection from the entorhinal cortex (Zhao et al., 2003). Thus, a different ratio of perisomatic 606 

excitatory innervation from mossy cells may be present on parvalbumin cells whose soma is 607 

located in the basal part of the granule cell layer respective to those located in the apical part 608 

and inner molecular layer. 609 

 610 

Origin of the Timm-positive boutons on parvalbumin somata in the granule cell layer 611 

Previous studies have shown that parvalbumin interneurons are innervated by Timm-positive 612 

fibers, which contain high levels of Zn2+ (Ribak and Peterson, 1991; Blasco-Ibáñez et al., 2000; 613 

Seress et al., 2001; Frotscher et al., 2006). These particular Timm-positive fibers have been 614 

presumed to arise from granule cells. Indeed, the ultrastructural features of these boutons are 615 

similar to those of mossy fibers contacting hilar interneurons, with small round synaptic 616 

vesicles and a few dense core vesicles (Claiborne et al., 1986; Acsády et al., 1998), although 617 

their postsynaptic partner are not spines, either simple or complex. As Timm stained boutons 618 

cannot be found on the granule cell somata or in the axonal segments connecting the boutons, 619 

this prevents the identification of the cell from which they originate. On the other hand, the 620 

number of Timm stained boutons is quite low in relation with the total number of granule 621 
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cells. Therefore, even if they come from granule cells, this population of granule cells must be 622 

quite a restricted group of neurons (Blasco-Ibáñez et al., 2000). If we assume that the number 623 

of parvalbumin interneurons is in the order of 1,000 in the granule cell layer of the mouse 624 

(Hernández-González et al., 2015), and approximately 4-6 Timm-positive fibers contact on 625 

each parvalbumin cells (even considering that all those collaterals originate from different 626 

cells), then the cell population that would generate this innervation should be limited to 4,000-627 

6,000 cells. As the number of granule cells in the mouse dentate gyrus has been estimated to 628 

be around 500,000 cells (Amrein et al., 2004), approximately only 1% of granule cells would be 629 

in charge of this innervation. 630 

Semilunar and not typical granule cells provide the perisomatic excitatory innervation on 631 

parvalbumin interneurons located in the granule cell layer 632 

Although granule cells in rodents have been analyzed as a homogeneous population, in recent 633 

years semilunar granule cells have been proven to have special characteristics (Williams et al., 634 

2007; Larimer and Strowbridge, 2010; Gupta et al., 2012). The location of these cells in the 635 

dentate gyrus makes them a suitable source for the perisomatic excitatory innervation on 636 

parvalbumin cells.  637 

In full agreement with previous studies, where granule cells were labeled in vitro or in vivo 638 

(Acsády et al., 1998; Henze et al., 2002; Amaral et al., 2007; Zhang et al., 2012) our study 639 

confirmed that Timm-positive collaterals onto parvalbumin interneurons do not arise from 640 

typical granule cells. The granule cell axon always arose from the basal pole of the cell and 641 

projected directly through the granule cell layer to the hilus, where it ramified. In addition, no 642 

varicosities were observed on their way through the granule cell layer. In brains from epileptic 643 

animals, however, typical granule cells give rise to some axon collaterals that enter to the 644 

granule cell layer and even to the inner molecular layer (Kotti et al., 1997; Kobayashi and 645 

Buckmaster, 2003). On the contrary, in normal animals, the axonal branching pattern of the 646 
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Timm stained fibers in the granule cell layer goes from the inner molecular layer into the hilus 647 

(Blasco-Ibáñez et al., 2000). 648 

Semilunar granule cells, at least a portion of them, have axons in the inner molecular layer 649 

running parallel to the granule cell layer, where they sometimes ramify and forms one or two 650 

collaterals. (Figure 7 and Extended figure 8.1, Ramón y Cajal, 1904; Williams et al., 2007). We 651 

observed that the axons of some semilunar granule cells descend through the granule cell 652 

layer and present varicosities that form synaptic contacts with the perisomatic region of 653 

parvalbumin interneurons. However, only a part of the intracellularly labeled semilunar 654 

granule cells had axons that ramified in the granule cell layer. Several technical issues may 655 

have influenced these results: i) incomplete filling of the axon; ii) cut axonal collaterals, and iii) 656 

dead or degenerating target parvalbumin cells in the slice that lost the antigenicity for the 657 

antibody.  658 

One of our main findings confirmed by electron microscopy is that axons from semilunar 659 

granule cells form synaptic contacts with parvalbumin interneurons. Noteworthy, the 660 

ultrastructure of these boutons corresponds to the descriptions for the Timm-positive boutons 661 

already published (Blasco-Ibáñez et al., 2000), strongly arguing for the hypothesis that the 662 

Timm-positive innervation on parvalbumin cells mainly, if not exclusively comes from 663 

semilunar granule cells. Interestingly, boutons from the same fiber continued to form synapses 664 

on the parvalbumin dendrites present in the hilus. Innervation from Timm-positive boutons on 665 

hilar parvalbumin cells has been described previously (Seress et al., 2001).  666 

Relevance of our findings for the local connectivity of the dentate gyrus. 667 

Since the different excitatory inputs onto parvalbumin cells are not randomly distributed, the 668 

location of the perisomatic glutamatergic inputs could play an important role in the 669 

modulation and triggering of spiking. For any neuron, innervation located in distal dendrites is 670 

usually considered to modulate firing responses, whereas innervation in proximal dendrites, or 671 
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even better at the cell body, is more important to effectively control the capability of the cell 672 

to fire somatic action potentials (Cobb et al., 1995; Miles et al., 1996; Veres et al., 2017). 673 

Perisomatic excitatory drive of parvalbumin interneurons provided by local principal cells has 674 

been previously studied in different brain areas such as the visual cortex (Buhl et al., 1997), the 675 

hippocampus and the amygdala (Sik et al., 1993; McDonald et al., 2005; Andrási et al., 2017) as 676 

well as in the dentate gyrus in both control and epileptic animals (Ribak and Peterson, 1991; 677 

Kotti et al., 1997; Blasco-Ibáñez et al., 2000). Furthermore, parvalbumin cells in the hilus and 678 

CA3 also receive Timm-positive boutons (Seress et al., 2001), similarly to those parvalbumin 679 

interneurons that are located in the granule cell layer. The presence of this perisomatic 680 

glutamatergic input in all cortical structures studied suggests a general control mechanism of 681 

fast-spiking interneuron excitability. 682 

The specific innervation of dentate parvalbumin interneurons by semilunar granule cells places 683 

this granule cell type into a privileged position in controlling the activity of neural ensembles in 684 

the dentate gyrus (Figure 9). Semilunar granule cells are engaged during hilar up-states 685 

together with the mossy cells (Larimer and Strowbridge, 2010). Thus, during this special 686 

network state, semilunar granule cells may effectively and simultaneously discharge on both 687 

mossy cells and parvalbumin cells, causing parallel excitation of the granule cell dendrites in 688 

the inner molecular layer and inhibition of the perisomatic region of granule cells. Recent 689 

results obtained in vivo show that granule cell firing is quite sparse in different environments, 690 

whereas mossy cells firing is robust (GoodSmith et al., 2017; Senzai and Buzsáki, 2017), which 691 

may be explained, at least partially by our structural data. We propose that semilunar granule 692 

cells, although they are few in number, are key circuit elements in the dentate function. As the 693 

semilunar granule cells are able to drive simultaneously the firing of mossy hilar cells and 694 

parvalbumin interneurons in a feed-forward manner, during this temporal window strong 695 

entorhinal excitatory input can discharge only a restricted granule cell population by 696 
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overcoming their perisomatic inhibition with the help of mossy cell excitation. The sparse firing 697 

of granule cells is suggested to be a critical factor for pattern separation that is considered as 698 

the main computation function of the dentate gyrus in the hippocampal circuitry (Nakazawa, 699 

2017).700 
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FIGURE LEGENDS 875 

Figure 1 – The excitatory and inhibitory perisomatic innervation on parvalbumin 876 

interneurons in the dentate gyrus. 877 

Triple immunostaining for parvalbumin (blue), gephyrin (red) and PSD95 (green), postsynaptic 878 

markers for inhibitory and excitatory synapses, respectively.  879 

A) Confocal image showing the soma and a proximal dendrite of a parvalbumin interneuron 880 

located in the inner molecular layer (iml). Note the high density of PSD95 puncta in this area. 881 

B) Confocal image showing the soma and dendritic trunk of a parvalbumin interneuron with 882 

the cell body sitting at the border between the granule cell layer (glc) and the hilus (h), and the 883 

dendritic trunk traveling toward the molecular layer. As expected, the labeling of PSD95 was 884 

scarce in the granule cell layer, but abundant in the hilus. 885 

C) Higher magnification of the inset shown in A. The number of gephyrin (arrowheads) and 886 

PSD95 puncta (arrows) was approximately even for all the cells analyzed. 887 

D) Higher magnification of the inset shown in B. The number of gephyrin (arrowheads) at the 888 

parvalbumin interneuron surface is lower than PSD95 puncta (arrows) for all the cells analyzed.  889 

E) Graph showing the percentage of PSD95 puncta on the sampled parvalbumin cells located 890 

either in the granule cell layer or in the inner molecular layer. Vertical bars represent SEM. 891 

Asterisks show significance of the statistical analysis for the predominance of PSD95 puncta: 892 

***, P < 0.001. 893 

gcl, granule cell layer; Geph, gephyrin; h, hilus; iml, inner molecular layer; PSD95, postsynaptic 894 

density protein 95 kDa; PV, parvalbumin. Scale bar: 20 m 895 

 896 
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Figure 2 – Perisomatic innervation of parvalbumin interneurons by mossy cells detected by 897 

confocal microscopy. 898 

Confocal analysis of the calretinin-positive elements (red) found in apposition to parvalbumin-899 

positive interneurons (blue) and their co-expression of synaptic markers (green).  900 

A) Maximal intensity projection image taken from a parvalbumin interneuron in the granule 901 

cell layer near to calretinin-expressing fibers of mossy cells that run through the granule cell 902 

layer (gcl) and sprout densely into the inner molecular layer (iml).  903 

B, C, D) Colocalization of synaptophysin (green) and calretinin (red) elements in close 904 

apposition to somata (B, C), and inner molecular layer dendrites (D) of different parvalbumin -905 

positive cells (blue). The presence of double immunoreactive elements on parvalbumin cells 906 

(open arrows) indicates that some fibers from mossy cells can establish synaptic contacts with 907 

parvalbumin cells. 908 

E, F) Colocalization of PSD95 (green) and calretinin (red) puncta in close apposition to the soma 909 

(E) and to a proximal dendrite (F) of a parvalbumin-positive interneuron (blue). Although 910 

rarely, some apposition of calretinin and PSD95 can be found on parvalbumin somata (open 911 

arrows), indicating potential perisomatic contacts of mossy cells with parvalbumin cells. 912 

G, H) Graphs showing the proportion of synaptophysin puncta that were calretinin 913 

immunoreactive in apposition to parvalbumin elements (G) and the proportion calretinin 914 

immunoreactive boutons facing PSD95 puncta in apposition to parvalbumin elements (H) 915 

sampled on the somata and dendrites in the hilus, granule cell layer and inner molecular layer. 916 

Vertical bars represent SEM. 917 

CR, calretinin; gcl, granule cell layer; h, hilus; iml, inner molecular layer; oml, outer molecular 918 

layer; PSD95, Postsynaptic Density Protein 95 kDa; PV, parvalbumin; Syn, synaptophysin. Scale 919 

bar: A, 20 m; B-F, 5 m 920 
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 921 

Figure 3 – Appositions from calretinin-containing mossy fiber axons on parvalbumin cells 922 

rarely make synaptic contacts when confirmed by electron microscopy 923 

Example of a single parvalbumin cell (DAB) with apposed calretinin fibers (DAB-Ni) studied by 924 

correlative light and electron microscopy. 925 

A) Soma and apical dendrite of the parvalbumin cell (asterisk) under light microscopy 926 

apparently contacted by calretinin fibers. The boutons on the cell (arrows) were analyzed for 927 

connectivity by electron microscopy (see the corresponding images indicated by letters). 928 

B and C) Low magnification electron microscopic images taken of the proximal dendritic 929 

segment (B) and soma (C, asterisk) of the cell. The boxes contain calretinin elements apposed 930 

to the cell that are shown enlarged in D-F. 931 

D-F) Calretinin elements tested for contacts with the parvalbumin cell were analyzed in all 932 

consecutive sections. Calretinin varicosities (asterisks) often did not establish synaptic 933 

specializations (D, E), however, a few of them (F, open arrow) presented a small postsynaptic 934 

density and synaptic cleft, although the asymmetric nature of the contact is dubious. As a 935 

reference, the asymmetrical contact is clearly seen on a neighboring soma shown in F (arrow). 936 

PV-Den, Parvalbumin dendrite; PV-Som, Parvalbumin soma. Scale bar: B-C, 2 m; D-F, 400 nm 937 

 938 

Figure 4 – Most contacts on the perisomatic region of parvalbumin interneurons are not 939 

from mossy cells 940 

Example of a single parvalbumin cell (DAB) with apposed calretinin fibers (DAB-Ni) studied by 941 

correlative light and electron microscopy. 942 
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A) Soma of the parvalbumin cell (asterisk) under light microscopy apparently contacted by 943 

calretinin fibers. 944 

B) Low magnification electron microscopic image of this soma (asterisk). A mossy cell bouton 945 

can be seen apposed to the plasma membrane (arrow), but did not form a synaptic contact. 946 

The boxes contain other presynaptic elements apposed to the cell that are shown enlarged in E 947 

and F. 948 

C-D) The soma was contacted by numerous small boutons filled with round clear vesicles 949 

making large asymmetric synapses (arrows). These boutons were not immunoreactive for 950 

calretinin. 951 

E) A bouton visualized by DAB forms a symmetric synapse on the parvalbumin cell (open 952 

arrow) and shows the hallmarks of parvalbumin basket cell boutons with clear pleomorphic 953 

vesicles and large mitochondria. 954 

F) A hilar juxtagranular parvalbumin dendrite (likely belonging to other cell based on its higher 955 

level of immunoreactivity) is covered by several non-immunoreactive small boutons making 956 

large asymmetrical synaptic contacts (arrows) similar to the soma analyzed. 957 

PV-Den, Parvalbumin dendrite; PV-Som, Parvalbumin soma. Scale bar: B-C, 2 m; D-F, 400 nm 958 

 959 

 960 

Figure 5 – Fibers from the supramammillary nucleus do not contact soma and proximal 961 

dendrites of parvalbumin interneurons. 962 

We studied the fibers from the supramammillary nucleus using either vesicular glutamate 963 

transporter 2 as a marker or anterograde labeling using BDA 10 kDa. 964 
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A) Triple immunostaining for vesicular glutamate transporter 2 (red), bassoon (green) and 965 

parvalbumin (blue) failed to show clear boutons of subcortical origin (open arrows) with 966 

presynaptic release sites (arrows) apposing parvalbumin interneurons located in the granule 967 

cell of the dentate gyrus. 968 

B) Using anterograde labeling with BDA 10 kDa from supramammillary nucleus (inset for 969 

injection site) we selected putative candidates that presented fiber apposition to parvalbumin 970 

cells (asterisk) in the dentate gyrus (inset), followed by analyzing the boutons using electron 971 

microscopy to test if the boutons contacted the cells. Open arrows label some of the boutons 972 

from which electron micrographs are shown. Parvalbumin-expressing structures have been 973 

colored for easy identification. Bouton in panel B (arrow) approached the parvalbumin cell, but 974 

did not contact it. 975 

C-E) Three different boutons were followed through the sections until synaptic contacts 976 

formed by them were identified. In all three cases, the axon terminals (asterisks) made 977 

asymmetric synapses only with granule cell somata (arrows). 978 

gcl, granule cell layer; GC, granule cell; PV, parvalbumin; VGLUT2, vesicular glutamate 979 

transporter 2. Scale bar: A, 10 m; B, 2 m; C-D, 500 nm 980 

 981 

Figure 6 – Semilunar granule cells contacting parvalbumin interneurons resemble the 982 

innervation by Timm-stained boutons.  983 

A) A parvalbumin cell (asterisk) in the granule cell layer contacted by Timm-stained boutons 984 

(arrows). Due to the nature of the Timm staining only the axonal varicosities are visible and the 985 

origin of them cannot be resolved. The image was reconstructed from several optical planes. 986 

B) An intracellularly filled semilunar granule cell (white asterisk) in the inner molecular layer 987 

gives rise to an axon (arrowhead) that descends in apposition to a parvalbumin cell (black 988 
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asterisk) in its way to the hilus. The axonal varicosities (arrows) formed close apposition with 989 

the surface of the parvalbumin cell. 990 

gcl, granule cell layer; h, hilus; iml, inner molecular layer; oml, outer molecular layer. Scale bar: 991 

20 m 992 

 993 

Figure 7 –The morphology of semilunar granule cells differs from normal granule cells.  994 

A) Specimen of normal granule cell filled with biocytin. One dendrite arises from the soma, the 995 

axon arises vertically and goes directly toward the hilus (arrow). B) Example of semilunar 996 

granule cell. Several dendrites arise from the soma, whereas the axon arises horizontally and 997 

enters the granule cell layer after running in the inner molecular layer (arrow). C-D) Example of 998 

the morphology of two semilunar cells with axons (open arrows) in apposition to parvalbumin 999 

interneurons. Insets show some of the biocytin-filled boutons (arrows) in close apposition to 1000 

parvalbumin profiles. E-I) Morphological analysis shows that semilunar granule cells, including 1001 

those that make contacts onto parvalbumin interneurons in the granule cell layer, give rise to 1002 

more dendrites close to the soma as shown with the Sholl analysis (E, black symbols label 1003 

differences between granule cells and semilunar granule cells, khaki symbols label significance 1004 

between granule cells and semilunar cells innervating parvalbumin interneurons); a larger 1005 

number of primary dendrites (F); and a wider spread of the dendritic arbor (G) than granule 1006 

cells. Semilunar granule cells also have a larger total dendritic length (H) and larger somatic 1007 

horizontal diameter (I) than granule cells, though this difference was not statistically different 1008 

for semilunar cells innervating parvalbumin interneurons.  1009 

Asterisks show significance of the statistical analysis: *, P < 0.05; **, P< 0.01; ***, P < 0.001; 1010 

gcl, granule cell layer; h, hilus; iml, inner molecular layer; ml, molecular layer. Scale bar: 50 m. 1011 

 1012 
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Figure 8 – Axons of semilunar granule cells form asymmetric synapses with the perisomatic 1013 

region of parvalbumin cells located in the granule cell layer. 1014 

A semilunar granule cell was filled with biocytin using patch-clamp technique. The section was 1015 

then fixed in a fixative containing glutaraldehyde and subjected to parvalbumin 1016 

immunostaining prior to be processed for electron microscopy. 1017 

A) An axon from this semilunar granule cell (DAB-Ni) running in the inner molecular layer 1018 

(arrowheads) sends a collateral towards the hilus delineating a parvalbumin cell labeled with 1019 

DAB. In the inset, the relative position of the semilunar granule cell in the inner molecular 1020 

layer (asterisk) and the parvalbumin cell (arrow) is shown. The boxes show axonal varicosities 1021 

of the semilunar granule cell apposing the distinct portions of the parvalbumin cell in the inner 1022 

molecular layer (B) the granule cell layer (C) and the hilus (D). 1023 

B) Semilunar granule cell axon giving rise to varicosities (arrows) along a thin parvalbumin 1024 

dendrite originating from the parvalbumin cell in the inner molecular layer (left panel). The 1025 

same string of boutons is presented on an electron micrograph shown in the right panel. B1-1026 

B3) Higher magnification of boutons shown in B at the level where they form large asymmetric 1027 

synapses on the parvalbumin dendrite (arrowheads). The boutons are filled with round vesicles 1028 

as well as many dense core vesicles (open arrows). 1029 

C) A correlative electron microscopic image taken from the granule cell layer (asterisks label 1030 

granule cells) shown in A. A large bouton from the semilunar granule cell (open arrow) 1031 

contacting the parvalbumin cell. C1) This large bouton (asterisk) makes an asymmetric synapse 1032 

(arrowheads) on the parvalbumin cell and is filled with round vesicles and dense core vesicles 1033 

(open arrows). 1034 

D1) Bouton (asterisk) from the semilunar granule cell in the juxtagranular hilus makes 1035 

asymmetric synapse on a proximal dendrite of the parvalbumin interneuron (arrowhead). 1036 

Complementary results are presented in Extended Data Figure 8-1. 1037 
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gcl, granule cell layer; h, hilus; iml, inner molecular layer; oml, outer molecular layer. Scale bar: 1038 

A, 20 m; B-D, 500 nm 1039 

Extended data Figure 8-1 –Semilunar granule cell establishing synaptic contacts with a 1040 

parvalbumin cell have characteristics of granule cells. 1041 

A) The same intracellularly filled semilunar granule cell as in Figure 8 visualized with DAB-Ni, 1042 

while parvalbumin was developed by DAB. 1043 

A1) Panoramic view of the dendritic arbor of the intracellularly filled semilunar granule cell 1044 

(asterisk). The main axon runs along the inner molecular layer (arrows), entering into the 1045 

granule cell layer and reaching the hilus, where it gives rise to collaterals and varicosities. 1046 

A2) Higher magnification of the dendrites of the intracellularly filled semilunar granule cell 1047 

shown in A1. Spine morphology is similar to that of typical granule cells. 1048 

A3) The soma of the cell shown in A1. The cell body was sitting at the border between the 1049 

inner molecular layer and granule cell layer (asterisk). The axon protruding from a proximal 1050 

dendrite ran along the inner molecular layer(arrow), where it could be followed in the section 1051 

represented in A1. 1052 

A4) Electron microscopy of a mossy fiber collateral originated from the semilunar granule cell 1053 

shown in A. The fiber forms mossy boutons (asterisk) that made asymmetric synaptic contacts 1054 

(arrowheads) the thorny excrescences of hilar mossy cells. 1055 

B) Soma and dendritic arbor of the intracellularly filled semilunar granule cell whose 1056 

innervation is shown in Figure 6B. 1057 

gcl, granule cell layer; h, hilus; iml, inner molecular layer; Scale bars: A1, B, 50 m; A2, A3, 20 1058 

m; A4, 1 m 1059 

 1060 
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Figure 9 –Diagram of the connectivity involving the excitatory perisomatic innervation of 1061 

dentate gyrus parvalbumin interneurons.  1062 

Dentate gyrus parvalbumin interneurons (PV) receive perisomatic excitatory input mainly from 1063 

semilunar granule cells (SGC). Input from mossy cells is rare in the granule cell layer (glc) but 1064 

occurs in the inner molecular layer (iml). Supramammillary fibers (SuMM) do not seem to 1065 

contact parvalbumin cells on the soma.  1066 

When semilunar granule cells fire, they could activate mossy cells with which they engage in 1067 

repeating firing known as hilar up states (1), at the same time semilunar granule cells will 1068 

excite parvalbumin interneurons (2) that would control large populations of granule cells (3) 1069 

synchronizing their firing when excited by the perforant pathway. At the same time, mossy 1070 

cells likely project back to semilunar granule cells, although this projection has not been 1071 

specifically described (question mark). 1072 

GC, granule cells; gcl, granule cell layer; h, hilus; iml, inner molecular layer; MC, mossy cells; 1073 

oml, outer molecular layer; PP, perforant pathway; PV, parvalbumin interneurons; SGC, 1074 

semilunar granule cells; SuMM, projection from the supramammillary nucleus. 1075 

  1076 
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TABLE 1. Statistical analysis of the morphological characteristics of normal granule cells, 1077 

semilunar granule cells and semilunar granule cells contacting dentate parvalbumin 1078 

interneurons.  1079 

Data are shown as mean ± SEM. For the comparison of the results obtained by morphometric 1080 

analysis, the Mann-Whitney test was used. 1081 

 GCs SGCs SGC-PVs 
MW  

(GCs vs 
SGCs) 

MW  
(GCs vs 

SGCs-PV) 

MW  
(SGCs vs  
SGCs-PV) 

Number of primary 
dendrites 

1.5 ± 0.22 
(n = 10) 

4.0 ± 0.32 
(n = 18) 

3.75 ± 0.56 
(n = 8) P < 0.001 P = 0.003 P = 0.797 

Dendritic spread angle 
(º) 

73.4 ± 8.5 
(n = 10) 

120.9 ± 5.0 
(n = 18) 

107.3 ± 11.0 
 (n = 8) P < 0.001 P = 0.037 P = 0.389 

Total dendritic length 
( m) 

1,575 ± 114 
(n = 10) 

2,055 ± 103 
(n = 20) 

1,779 ± 212 
(n = 4) P = 0.009 P = 0.358 P = 0.296 

Somatic horizontal 
diameter ( m) 

11.3 ± 0.59 
(n = 10) 

13.6 ± 0.79 
(n = 17) 

11.9 ± 1.03 
(n = 8) P = 0.039 P = 0.894 P = 0.210 

Sholl analysis 

Intersections at 20 m 2.4 ± 0.52 
(n = 10) 

5.55 ± 0.38 
(n = 20) 

5.29 ± 0.68 
(n = 7) P < 0.001 P = 0.010 P = 0.865 

Intersections at 40 m 4.5 ± 0.45 
(n = 10) 7.0 ± 0.33 7.43 ± 0.61 

(n = 7) P < 0.001 P = 0.005 P = 0.571 

Intersections at 60 m 6.3 ± 0.54 
(n = 10) 

8.2 ± 0.45 
(n = 20) 

8.29 ± 0.80 
(n = 7) P = 0.022 P = 0.068 P = 0.845 

Intersections at 80 m 8.2 ± 0.80 
(n = 10) 

9.1 ± 0.39 
(n = 20) 

9.0 ± 1.41 
(n = 7) P = 0.392 P = 0.730 P = 0.843 

Intersections at 100 m 8.1 ± 0.82 
(n = 10) 

9.35 ± 0.54 
(n = 20) 

8.86 ± 1.64 
(n = 7) P = 0.436 P = 0.883 P = 0.285 

Intersections at 120 m 9.2 ± 0.83 
(n = 10) 

10.1 ± 0.57 
(n = 20) 

9.17 ± 1.99 
(n = 6) P = 0.463 P = 0.620 P = 0.104 

Intersections at 140 m 8.2 ± 1.33 
(n = 10) 

8.65 ± 0.73 
(n = 20) 

7.67 ± 1.86 
(n = 6) P = 0.773 P = 0.785 P = 0.409 

Intersections at 160 m 5.6 ± 1.27 
(n = 10) 

6.5 ± 0.67 
(n = 20) 

3.83 ± 1.19 
(n = 6) P = 0.506 P = 0.412 P = 0.061 

Intersections at 180 m 3.5 ± 1.06 
(n = 10) 

3.8 ± 0.61 
(n = 20) 

2.33 ± 1.23 
(n = 6) P = 0.876 P = 0.532 P = 0.268 

Intersections at 200 m 1.3 ± 0.54 
(n = 10) 

2.2 ± 0.47 
(n = 20) 

1.83 ± 0.91 
(n = 6) P = 0.283 P = 0.727 P = 0.683 

Intersections at 220 m 0.4 ± 0.31 
(n = 10) 

1.2 ± 0.28 
(n = 20) 

1.0 ± 0.51 
(n = 6) P = 0.087 P = 0.261 P = 0.846 

 1082 




















