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ABSTRACT  42 

Neurons in parasubiculum (PaS), presubiculum (PrS) and medial entorhinal cortex 43 

(MEC) code for place (grid cells) and head direction. Directional input has been 44 

shown to be important for stable grid cell properties in MEC, and PaS and PrS have 45 

been postulated to provide this information to MEC. In line with this, head direction 46 

cells in those brain areas are present at postnatal day (P)11 having directional tuning 47 

that stabilizes shortly after eye-opening, which is before premature grid cells emerge 48 

in MEC at P16. Whether functional connectivity between these structures exists at 49 

those early postnatal stages is unclear. With the use of anatomical tracing, voltage-50 

sensitive dye imaging and single cell patch recordings in female and male rat brain 51 

slices between P2-61, we determined when the pathways from PaS and PrS to MEC 52 

emerge, become functional, and how they develop. Anatomical connections from 53 

PaS and PrS to superficial MEC emerge between P4-6. Monosynaptic connectivity 54 

from PaS and PrS to superficial MEC was measurable from P9-10 onwards, whereas 55 

connectivity with deep MEC was measurable from P11-12. From P14/15 on, 56 

reactivity of MEC neurons to para- and presubicular inputs becomes adult-like and 57 

continues to develop until P28-30. The maturation of the efficacy of both inputs 58 

between P9-21 is paralleled by maturation of morphological properties, changes in 59 

intrinsic properties of MEC principal neurons and changes in the GABAergic network 60 

of MEC. In conclusion, synaptic projections from PaS and PrS to MEC become 61 

functional and adult-like before the emergence of grid cells in MEC.  62 

 63 

Significance statement: 64 

Head direction information, crucial for grid cells in medial entorhinal cortex (MEC), is 65 

thought to enter MEC via para- (PaS) and presubiculum (PrS). Unraveling the 66 

development of functional connections between PaS, PrS and MEC is key to 67 

understanding how spatial navigation, an important cognitive function, may evolve. 68 

To gain insight into the development, we utilized anatomical tracing techniques, 69 
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voltage-sensitive dye imaging, and single cell recordings. The combined data led us 70 

to conclude that synaptic projections from PaS and PrS to MEC become functional 71 

and adult-like before eye-opening, allowing crucial head direction information to 72 

influence place encoding before the emergence of grid cells in rat MEC. 73 
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INTRODUCTION 74 

Spatial navigation and memory strongly depend on computations in the 75 

hippocampal and parahippocampal domains (Nadel and O’Keefe, 1978; Eichenbaum 76 

and Fortin, 2005; Moser and Moser, 2008). The medial entorhinal cortex (MEC), 77 

parasubiculum (PaS) and presubiculum (PrS), all parts of the parahippocampal 78 

region, contain cells that code for position (grid cells; (Hafting et al., 2005; Boccara et 79 

al., 2010)), direction (head direction cells; (Taube et al., 1990; Sargolini et al., 2006)), 80 

borders (border cells; (Savelli et al., 2008; Solstad et al., 2008)) or various forms of 81 

conjunctive representations (Sargolini et al., 2006; Solstad et al., 2008). Among the 82 

different theoretical conceptualizations on the emergence of grid cell properties there 83 

is consensus that directional information is a necessary requirement (McNaughton et 84 

al., 2006; Burgess et al., 2007; Hasselmo et al., 2007; Burak and Fiete, 2009; Winter 85 

et al., 2015). Additionally, temporarily inhibiting hippocampal input exposes 86 

directional features in grid cells (Bonnevie et al., 2013). The entorhinal cortex itself 87 

lacks direct inputs from the vestibular system (Kerr et al., 2007) where directional 88 

input originates. The PaS and PrS are likely candidates to bridge the two systems. 89 

Both the PaS and PrS are established components of the head directional system, 90 

receiving vestibular inputs mediated through the anterior thalamic complex (Taube, 91 

2007; Vann, 2010). Inactivation of the latter disrupts head direction and grid 92 

characteristics in MEC. Whether head direction information from PaS and PrS is also 93 

obligatory for the development of grid characteristics in MEC has not been assessed. 94 

Grid cells in MEC develop from postnatal day 16 (P16) onwards, reaching adult-like 95 

stability after P19, whereas head direction cells in the anterior thalamic nucleus, 96 

MEC, PaS and PrS are present at P11-12, reaching stable head-directional tuning 97 

shortly after eye-opening at P14-15 (Langston et al., 2010; Wills et al., 2010, 2012; 98 

Ainge and Langston, 2012; Bjerknes et al., 2015; Tan et al., 2015). It has not yet 99 

been determined whether functional connectivity between the PaS, PrS and MEC 100 

exists prior to grid cell formation at P14-15. We provide evidence that premature 101 
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looking projections from PaS and PrS grow into a premature MEC network between 102 

P4-6. With the use of voltage-sensitive dye (VSD) imaging in rat brain slices with 103 

preserved connectivity between PaS, PrS and MEC (Canto et al., 2012), we 104 

determined that the pathways from PaS and PrS to MEC become functional around 105 

P9/P10 with responses in MEC looking premature. From P14/15 on, reactivity of 106 

MEC neurons to PaS and PrS inputs becomes adult-like and continues to develop 107 

until P28-30. The maturation of the efficacy of both inputs is paralleled by maturation 108 

of MEC morphological properties, changes in intrinsic properties of MEC principal 109 

neurons and changes in the GABAergic network of MEC. These data show that 110 

immature monosynaptic inputs from PaS and PrS impact the MEC network before 111 

the emergence of premature grid cell properties in MEC around P16 (Langston et al., 112 

2010; Wills et al., 2010). Our data further indicate that the ongoing development of in 113 

vivo head direction and grid cell properties is paralleled by changes in the MEC 114 

network as well as in intrinsic physiological and morphological properties of individual 115 

neurons.  116 



 

 7 

MATERIALS AND METHODS 117 

Animal experiments were performed in accordance with the rules and directives set 118 

by local governments and universities and the European Community on animal well-119 

being (European directive 2010/63 on the protection of animals used for scientific 120 

purposes). 121 

 122 

Anatomical tracing 123 

For anatomical tracing 54 male and female Long Evans rat pups aged P1-P23 124 

(Takonic, Norway) were anesthetized with isoflurane (Isofane, Vericore, UK) and 125 

injected with an anterograde tracer as previously reported (O’Reilly et al., 2015). 126 

Briefly, P0/1 animals were placed in an isoflurane induction chamber, affixed to the 127 

top of the chamber with strips of adhesive putty and aligned to a hole cut in the top of 128 

the chamber that allowed access to the head. Surgeries were performed with the 129 

animals maintained in the chamber that was placed on the stereotaxic frame. 130 

Animals aged P2-12 were placed in an isoflurane induction chamber until they could 131 

be moved to a stereotaxic frame and placed in a neonatal mask (Model 973 B; Kopf, 132 

USA), with the palate bar width reduced to better fit the mouth, and the head fixed 133 

with zygoma ear cups (Model 921; Kopf). Older animals (P13–23) were maintained 134 

under anesthesia with a small adult mask and head fixed with blunted ear bars. For 135 

all injections, a hole was drilled in the skull, the dura was punctured, and glass 136 

micropipettes with an outer diameter of 20–25 μm were lowered into the brain. The 137 

anterograde tracers biotinylated dextran amine (BDA; 10,000 MW, Invitrogen, USA) 138 

or Alexa 488 conjugated dextran amine (A488 DA; Invitrogen, USA) were 139 

iontophoretically injected through the micropipettes (5–6 μA alternating currents, 6 140 

seconds on/6 seconds off, for 5–12 minutes) into the PaS and PrS. Up to 50 μl/g 141 

body weight of saline was administered subcutaneously throughout the course of the 142 

surgery to avoid dehydration. Animals were also administered 5 μg/g body weight 143 

rimadyl as an analgesic. After surgery, rat pups were allowed to recover to an awake 144 
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state under a heating lamp. When fully awake, rat pups were returned to maternal 145 

care until the time of sacrifice, 24 hours for P0–13 rat pups and 24–48 hours for rat 146 

pups from P14 onwards. 147 

 148 

Transcardial perfusion and tissue preparation for histology 149 

Pups injected with an anatomical tracer were terminally anesthetized with isoflurane 150 

such that no reflexive responses (response to tail or foot pinch) were observed. 151 

Saline was transcardially perfused through the body from the left ventricle until the 152 

flow out of the right atrium was clear, followed by 4% paraformaldehyde (PFA; 153 

Merck, Germany) until the body was sufficiently stiff. The brains were extracted and 154 

left in PFA for 24–48 hours before being moved to a cryoprotective solution (20% 155 

glycerol, 2% dimethylsulfoxide in 125 mM phosphate buffer [PB], pH 7.4). 156 

Fifty micrometer sections were then cut sagittally on a freezing microtome (Thermo 157 

Scientific, Germany). Sections were collected in six equally spaced series, and the 158 

first series was mounted on Superfrost Plus slides (Menzel Gläser, Thermo 159 

Scientific, Germany) and dried overnight on a warming plate at 30°C for subsequent 160 

Nissl staining with cresyl violet. Sections were coverslipped with the use of Entellan 161 

(Merck, Germany). The other series were placed in the cryoprotecting solution and 162 

stored at −20°C. 163 

 164 

Immunohistochemistry and image acquisition  165 

Tracing experiments. To visualize BDA, free floating sections were washed in 125 166 

mM PB three times for 10 minutes each. Afterwards the sections were washed in 167 

TBS TX (50 mM Tris, 150 mM NaCl, 0.5% Triton X, pH 8.0) three times for 10 168 

minutes each. Subsequently, the sections were incubated with Alexa-conjugated 169 

streptavidin (Alexa-488, S11223 or Alexa-546, S11225, Invitrogen) in a 1:200 170 
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solution with TBS-TX, overnight at 4ºC. Then the sections were rinsed three times for 171 

5 minutes in Tris-HCl and mounted on glass slides, dried overnight, cleared in xylene 172 

and coverslipped with Entellan (Merck Darmstadt, cat# 107961). In some cases, 173 

Nissl staining was necessary to aid the delineation of brain regions. To do this, slides 174 

were soaked in xylenes overnight to remove the coverslips. Sections were 175 

rehydrated in decreasing ethanol solutions (100%, 100%, 90%, 80%, 70%), followed 176 

by 2 minutes in water. Subsequently, the sections were placed in cresyl violet for 3–6 177 

minutes and rinsed three times in water, for 1 minute each. The sections were then 178 

dehydrated in ethanol (70%, 80%, 90%, 96% EtOH containing acetic acid, 100%, 179 

100%), cleared in xylenes, and coverslipped with Entellan (Merck, Germany). In 180 

order to assess the injection site, sections were assessed using fluorescence 181 

microcopy with the appropriate excitation wavelength (Zeiss Axio Imager M1/2). 182 

Sections of brains with successful injections were digitized with the use of a slide 183 

scanner equipped for either brightfield or fluorescent imaging (Zeiss Mirax Midi; 184 

objective 20X; NA 0.8). For illustrative purposes, images were exported using 185 

Panoramic Viewer software (3DHistech, Budapest, Hungary) and processed in 186 

Adobe Photoshop and Illustrator (CS6, Adobe Systems, San Jose, CA). 187 

Golgi staining. We used a total of 11 pups of either sex to prepare our Golgi-stained 188 

library. All animals were perfused with Ringer as described above followed by a very 189 

brief flush with 1% PFA. The forebrain was dissected, left and right hemispheres 190 

separated, and all tissue was directly stained using a Rapid Golgi-Cox kit (FD 191 

Neurotechnologies Inc, USA). The tissue staining varied between 1 and 3 weeks and 192 

was carried out according the instructions provided by the vendor. Age at time of 193 

perfusion ranged from P0-22. In short, the tissue was immersed in solutions A and B, 194 

placed in a foil-covered container, and stored for approximately 1-3 weeks in the 195 

dark. The specimen was then transferred to solution C and stored for an additional 196 

3–7 days in the dark. Solutions were replaced on the second day of each immersion. 197 
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Tissue was cut in the horizontal or sagittal plane in 100 μm tick sections using a HM 198 

450 sliding microtome (Thermo Scientific, Germany) and mounted directly to 199 

microscope slides (SuperFrost Plus adhesion slides). The tissue was dried in the 200 

dark at room temperature for several days. Slides with tissue were subsequently 201 

rinsed with distilled water for 8 minutes, then immersed for 10 minutes in a 1:1:2 ratio 202 

of solution D, solution E, and distilled water. Next, slides were washed in distilled 203 

water for 20 minutes, dehydrated and embedded in Entellan (Merck, Germany) and 204 

topped with a coverslip. 205 

 206 

Slice preparation for VSD and single cell patch recordings 207 

For VSD and single cell patch recordings with extracellular stimulation 70 P4-61 male 208 

and female Sprague Dawley pups (Takonic, Norway and Harlan, The Netherlands) 209 

were anesthetized with isoflurane (Isofane, Vericore, UK), subsequently decapitated, 210 

the brain quickly removed from the skull and placed in oxygenated (95% O2-5% CO2) 211 

ice-cold artificial cerebrospinal fluid (ACSF; mM): 126 NaCl; 3 KCl; 1.25 NaH2PO4; 3 212 

MgSO4; 1 CaCl2; 10 Glucose; 26 NaHCO3. To maintain the connectivity between 213 

PaS, PrS and MEC, 400 μm thick semihorizontal slices were cut with an angle of 10-214 

15 degrees while the brain was still perfused with saturated ice-cold ACSF 215 

(Vibratome 1000, Vibratome, Il, USA). This approach ensured that the connected 216 

mediodorsal and the lateroventral parts of the pre-parasubicular-entorhinal domains 217 

were in the same brain slice (Canto et al., 2012). 218 

VSD imaging. VSD imaging was performed at 32°C. Each slice was transferred onto 219 

a fine-mesh membrane filter (Omni pore membrane filter, JHWP01300, Millipore, 220 

USA) held in place by a thin plexiglas ring (11mm inner diameter; 15mm outer 221 

diameter; 1- to 2-mm thickness). Slices were maintained in a moist interface 222 

chamber, containing the previously used ACSF with 2 mM MgSO4 and 2 mM CaCl2, 223 

continuously supplied with a moistened mixture of the O2 and CO2 gas (Tominaga et 224 

al., 2000).  225 



 

 11 

Single neuron recordings. Single cell patch experiments were performed at 35°C. 226 

After cutting, slices were transferred to a submerged slice chamber with oxygenated 227 

ACSF containing (mM): 126 NaCl; 3 KCl; 1.25 NaH2PO4; 2 MgSO4; 2 CaCl2; 10 228 

Glucose; 26 NaHCO3. For all experiments, slices rested for at least 1 hour until used 229 

one by one in the recording chamber superfused with ACSF.  230 

 231 

Electrophysiological recordings 232 

VSD imaging. The slice was positioned under a fluorescence microscope (Axio 233 

Examiner, Zeiss, Germany) and stained for 3 min with VSD RH-795 (0.5 mg/ml 234 

ACSF) (Koganezawa et al., 2008). Excitation light (filtered at 535 ± 25 nm band-235 

pass) was reflected down onto the preparations by a dichroic mirror (half reflectance 236 

wave length of 580 nm). Epifluorescence through a long-wavelength pass filter (50% 237 

transmittance at 590 nm) was detected with a CMOS-camera (MiCAM Ultima, 238 

BrainVision, Japan; 100 X 100 pixels array). When the optical recording was 239 

triggered, an electronically controlled shutter built into the light source (HL-151, Brain 240 

Vision, Japan) was opened for 500 ms prior to the start of recording to avoid both 241 

mechanical disturbances caused by the shutter system and rapid bleaching of the 242 

dye. After starting, the optical baseline was allowed to stabilize for 50 ms before 243 

stimuli were delivered. For all experiments, 512 frames at a rate of 1.0 ms/frame 244 

were acquired. To represent the spread of neural activity, we superimposed color-245 

coded optical signals on the bright-field image. In this procedure, we applied a color 246 

code to the fraction of the optical signal, which exceeded the baseline noise. To 247 

reduce baseline noise, we averaged eight identical recordings acquired with a 3 s 248 

interval directly in the frame memory. Optical signals were analyzed off-line using 249 

BrainVision analyses software. Changes in membrane potential were evaluated for a 250 

region of interest as fractional changes of fluorescence (ΔF/F). The region of interest 251 

was chosen by a careful visual inspection of the optical signal. The region where the 252 

signal first entered MEC after PaS and PrS stimulation was chosen as our region of 253 
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interest. Four repetitive extracellular stimulations of 0.6 mA amplitude, a duration of 254 

300 μs and a frequency of 20 Hz, were applied to PaS or PrS with a tungsten bipolar 255 

electrode with a tip separation of 150 μm. In vivo spike trains of head direction cells 256 

show 10 to 50 Hz firing (Boccara et al., 2010). We also applied 10, 40, 50 and 100 257 

Hz stimulation and the data look similar to data presented here.  258 

Single neuron recordings. Whole cell current-clamp recordings of MEC neurons were 259 

done under visual guidance using infrared differential interference contrast video 260 

microscopy. Recorded neurons were classified as principal neurons based on 261 

previously established physiological and morphological properties (Canto and Witter, 262 

2012). Patch pipettes were pulled from standard-walled borosilicate capillaries 263 

(GC120F-10, Harvard Apparatus, USA) with a resistance between 4-7 MΩ containing 264 

(mM): 110 K-gluconate; 10 HEPES; 4 ATP-Mg; 0.3 GTP; 10 Naphosphocreat; 10 265 

KCl; with 5 mg/ml biocytin; pH 7.3 adjusted with 1 M KOH, and an osmolarity of 266 

around 290 M. The seal resistance was above 1 GΩ. Recordings were made with a 267 

Multiclamp 700A Amplifier (Axon Instruments, USA) in bridge mode. Capacitance 268 

compensation was maximal and bridge balance adjusted. The signal was low pass 269 

filtered at 3 kHz and acquired at a sampling rate of 5 kHz with an Instrutech ITC-18 270 

board (Instrutech Corp., USA). During recordings, neurons were filled with biocytin. 271 

The PaS or PrS was stimulated with a stimulation electrode that was covered with a 272 

glass pipette (tip diameter of around 1-2 μm) filled with ACSF or a tungsten bipolar 273 

electrode with a tip separation of 150 μm. The place of stimulation was chosen to 274 

coincide with the area that showed high connectivity in VSD and previously 275 

performed experiments where we injected an anterograde tracer in PaS and PrS 276 

(Canto et al., 2012). Inputs from superficial PaS or PrS layers were stimulated locally 277 

with different lengths, strengths and frequencies controlled by Igor, Master 8 and the 278 

stimulation isolator box itself. Each change in parameters was tested in response to 279 

50 stimulus trains of 1 s duration. The parameters tested were: 0mV/10μs, 280 

0.9mV/10μs, 9mV/10μs, 22.5mV/10μs, 45mV/10μs, 67.5mV/10μs and 90mV/10μs 281 
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and as a control 0mV/1ms, 0mV/0s, 90mV/0s positive pulses. Repetitive stimulation 282 

was performed with 90mV/10μs pulses after confirmation that there is no change in 283 

excitatory postsynaptic potential (EPSP) properties comparing strong and weak 284 

stimulations and no short-term dependent plasticity, meaning equilibrium in EPSP 285 

size was reached. For the repetitive stimulation protocols, we show data in response 286 

to 20 Hz stimulation. We also used 100 Hz stimulation with single cell recording 287 

experiments as an indicator for the monosynaptic nature of events and not 288 

orthodromically driven action potentials. We also applied 10, 40, 50 and 100 Hz 289 

stimulation and the data look similar to the data presented here. During patch 290 

experiments, intrinsic membrane properties were estimated from the voltage 291 

response to a series of current steps. Up to ten alternating hyperpolarizing and 292 

depolarizing steps of 1 s duration incrementally increasing by 20 pA were applied to 293 

the neurons, starting with 0 pA and ending with ±200 pA, respectively. We tested 294 

how much positive current is needed for the neuron to reach threshold for spiking. 295 

We also checked whether the neurons showed membrane potential oscillations by 296 

bringing the membrane to a potential just below threshold for firing while recording 297 

the membrane fluctuations for at least 30 s. In addition we induced oscillatory inputs 298 

at fixed currents, with the frequency increasing and afterwards decreasing linearly in 299 

time (so-called ZAP protocol) (Hutcheon and Yarom, 2000). We injected for t=28 s 300 

sinusoidal currents of Io=40 pA and recorded the membrane voltage simultaneously. 301 

The injected current I(t) was ramped up from F0=0 Hz to the maximum frequency of 302 

fm=20 Hz : I(t) = Io sin (2π f(t)t) with F(t)=F0+(fm-f0)t/2T. The impedance amplitude 303 

profile (ZAP) functions allow characterizing the resonance properties. 304 

 305 

Data analysis, experimental design and statistics used 306 

VSD experiments. Each pixel of the image sensor records the sum of the membrane 307 

potential changes of every membranous structure projected onto the pixel. Thus, 308 

fluctuations of the optical signal from baseline represent the sum of membrane 309 
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potential changes. Assuming that in all instances the contribution of glia cells to the 310 

signal will be constant, we calculated the integrals of the curves as this measure 311 

represents the size of total membrane potential changes associated with neural 312 

activity (Grinvald et al., 1988). These measures, obtained with the use of BrainVision 313 

analyses software (Koganezawa et al., 2008), were compared in the different 314 

stimulation protocols. Time of onset latencies was measured from the beginning of 315 

the stimulus artifact to the start of the fluorescent change response in MEC. Fitting a 316 

curve from 25 ms up to 400 ms after the last stimulus to the negative slope derived 317 

the decay times after the last applied stimulus. Signal sizes for the repeated 318 

measures analysis were calculated by measuring the distance between the baseline 319 

activity and the maximum deflection after each stimulus. Latencies and decay times 320 

were excluded for those cases where we could not detect any significant signal 321 

amplitude changes and significant decays. 322 

Single neuron recordings. Synaptic events induced by extracellular stimulation were 323 

analyzed by taking an average trace of 50 sweeps of intracellular membrane 324 

potential changes in response to PaS and PrS stimulation and rise and decay times 325 

were derived by fitting two decaying exponential functions to the evoked postsynaptic 326 

potentials (ePSPs), starting at the beginning of the event. PSP latencies were 327 

measured from the beginning of the stimulus artifact to the ePSP start. The PSP 328 

amplitudes were calculated by measuring the distance between the PSP threshold 329 

and the maximum voltage deflection. Analysis of membrane properties of single 330 

neurons was done using custom-made procedures in Igor Pro Software 331 

(Wavemetrics, USA) (Canto and Witter, 2012). A sum of two decaying exponential 332 

functions, one with positive, the other with negative amplitude, was fitted to the 333 

voltage response to a  334 

-200 pA step to reveal the input resistance. For the first step after inducing action 335 

potentials (APs), the following parameters were calculated as described: First we 336 

examined how much current was needed to induce APs in the neuron. Once APs 337 
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were induced we analyzed the AP threshold, which is the maximum in the second 338 

derivate of the voltage trace for the first AP in response to current injection; AP 339 

amplitude is the difference between the maximal amplitude of the AP and the AP 340 

threshold for the first AP in response to current injection. In addition, we calculated 341 

the AP half-width, which is the width of the AP at 50 percent amplitude measured 342 

from threshold to peak for the first AP and the AP rise time, which is the time to 343 

increase from 20 to 80 percent of the AP amplitude for the first AP in response to 344 

current injection. In case a neuron showed a depolarizing afterpotential (DAP) after 345 

an AP the amplitude of DAP was calculated by measuring the difference between the 346 

maximal depolarizing voltage deflection after the AP induced and the amplitude of 347 

the threshold for firing. In those cases where an AP was induced due to threshold 348 

depolarization by DAP, we first analyzed all neurons and checked for the maximum 349 

DAP amplitude. For cases with an induced AP we assigned this maximum DAP 350 

amplitude. We also calculated the inter-spike-interval (ISI) between pairs of 351 

subsequent APs. A point spread function was performed on current signals just 352 

below threshold activity to analyze membrane potential oscillations. Membrane 353 

oscillations were analyzed for power spectral density (Igor Pro Software procedure, 354 

USA) using a fast Fourier transform (FFT) (Press et al., 1992). Regarding the ZAP 355 

protocol, a FFT was performed on voltage (V) and current (I) signals and the 356 

impedance was calculated by Z(f)= FFT(V)/FFT(I). The resonance frequency is the 357 

peak in the impedance magnitude versus the frequency plot.  358 

Statistical analysis. Normality of the data was tested with Levene’s test and 359 

subsequently univariate ANOVA followed by post-hoc Bonferroni tests were used to 360 

assess differences in characteristics between layers or age groups. If assumptions 361 

for a parametric test were not met (Levene’s test p<0.05) Kruskal-Wallis followed by 362 

Mann-Whitney U tests were used. We applied a Bonferroni correction to adjust for 363 

multiple comparisons. Effects of application of bicuculline were tested with a paired t-364 

test or a sign test for paired comparisons. To analyze the changes in the VSD 365 
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response and eEPSP amplitude within a train of four stimulations at different 366 

frequencies with different stimulation electrodes, a repeated measures analysis was 367 

used followed by paired t-tests. We used a Bonferroni correction to adjust for multiple 368 

comparisons. If Mauchly’s test was significant, we used Greenhouse-Geisser 369 

correction values to test for significance.  370 

 371 

Immunohistochemistry and image acquisition 372 

VSD experiments. To specify the area of stimulation and recording for VSD 373 

experiments slices were postfixed in 4% PFA for up to one week and subsequently 374 

kept in PB saline (PBS) with 30% sucrose for more than 10 hours and cut at 40-375 

50μm thickness with the use of a freezing microtome. Mounted sections were Nissl 376 

stained with cresyl violet and covered slipped using Entellan (Merck, Germany). 377 

Digital images of sections were combined with the optical imaging data using Adobe 378 

Photoshop to identify the region in which changes in neural firing occurred.  379 

Single neuron recordings. During recordings, neurons were filled with biocytin. 380 

Subsequently they were processed using standard procedures. After recordings, the 381 

slices were fixed in 4% PFA for at least 24 hours and then placed in 2% 382 

dimethylsulfoxide (DMSO) / 20% glycerin in PB over night (pH 7.4). Slices were 383 

resectioned into 120 μm thick sections with a freezing microtome, subsequently 384 

washed 3 X for 10 minutes in 0.125 M PB, treated with 0.3% H2O2 followed by rinsing 385 

in TBS-TX 3 X for 10 minutes. Afterwards sections were incubated in a solution of 386 

avidin-biotinylated-horseradish peroxidase complex (ABC, Vector Laboratories, USA) 387 

in TBS-TX (24 hours at room temperature or 48 hours at 4°C according to the 388 

specifications of the supplier). Peroxidase activity was visualized by incubation for 5-389 

15 minutes in DAB-Ni in 0.125 PB and H2O2. After washing in Tris-HCl buffer 3 X 10 390 

minutes, the sections were mounted maintaining a fixed orientation on glass slides 391 

from a buffered gelatin solution (0.2% gelatin in Tris-HCl; 35°C) and carefully dried 392 

for at least 48 hours. Sections were dehydrated and coverslipped with Entellan 393 
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(Merck, Germany). Neurons were analyzed and if needed manually reconstructed 394 

with a Leica or Zeiss up-right microscope, using a 40 X objective and Neurolucida 395 

software (Neurolucida, MicroBrightField, USA).   396 
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RESULTS 397 

Postnatal development of anatomical connectivity between PaS, PrS and MEC.  398 

To assess when connections between PaS, PrS and MEC develop, we labeled 399 

projections anterogradely during development (Table 1) (O’Reilly et al., 2015; Sugar 400 

and Witter, 2016). The age at which the first axons from PaS and PrS were present 401 

in superficial layers of MEC is around P4/5 and P5/6, respectively. In two 402 

representative experiments for PaS and PrS, the anterograde tracer BDA in P5 403 

animals labeled a few axons in MEC layers II and III, respectively. These axons were 404 

poorly branched, showed signs of the presence of growth cones and very few 405 

varicosities were visible (Figs. 1A and A’, 2A and A’). Axons with varicosities are 406 

considered as having presynaptic terminals. In case of animals between P6 and P11 407 

(N=17; Table 1) we noticed a gradual increase in density of overall labeling, with an 408 

increasing level of branching and density of presumed synaptic contacts as 409 

estimated by the number of varicosities. The density of PaS axons increased 410 

specifically in LII, becoming more similar to the adult pattern. In contrast, the laminar 411 

terminal distribution of PrS fibers, typically seen in the adult became only gradually 412 

apparent, such that even at P12 the branching of axons looked only weakly adult-like 413 

showing axons primarily within LIII, with only some additional labeled fibers in LI 414 

(Figs. 1B and B’, 2B and B’). At the age of P12, the density of innervation of LII by 415 

PaS axons was higher than that seen in case of LIII innervation by PrS. This 416 

indicates that the development of PaS innervation precedes that of PrS innervation. 417 

This is in line with our electrophysiological data (see below). The adult-like dense 418 

innervation of LI and LIII in case of PrS (Köhler, 1984; Caballero-Bleda and Witter, 419 

1993), became apparent only around P20 (Figs. 1C and C’, 2C and C’). We conclude 420 

that from P4/5 onwards, MEC neurons may potentially receive PaS and PrS inputs, 421 

but that the presynaptic morphology does not look adult-like until after P20 though 422 

the PaS laminar pattern is established before the PrS pattern. In our data on PrS 423 

inputs we did not see indications of neuronal specific innervation patterns recently 424 
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described in adult rats (Honda and Furuta, 2019), which is likely caused by the 425 

differences in single cell resolution tracing used in the latter paper versus bulk 426 

injections of anterograde tracers used in the present paper. 427 

 428 

Postnatal development of MEC neurons 429 

To evaluate whether neurites of MEC neurons are potentially able to receive inputs 430 

from PaS and PrS from P4/5 onwards, we studied Golgi silver impregnated neurons 431 

(Fig. 3) and intracellularly filled MEC neurons from P2 onwards (see all subsequent 432 

figures with electrophysiological data). The postnatal development of the membrane 433 

properties of the intrinsically filled neurons paralleled the development of the gross 434 

morphology. 435 

Postnatal development of morphology of MEC neurons. Examination of Golgi silver 436 

impregnated neurons revealed that the dendritic morphology of P2-P4 old MEC 437 

neurons was poorly developed (Fig. 3B), suggesting that the postsynaptic sides are 438 

still premature. Although stained somata could be observed in all MEC cell layers, 439 

the majority of somata with recognizable neurites was located in layers II and III. For 440 

all neurons, the number of neurites was low and the neurites were poorly developed, 441 

remaining mostly within the layer of origin. Dendrites showed sparse branching that 442 

did not extend over long distances. Spines were only occasionally visible (Fig. 3B). 443 

The morphology of the P2-4 MEC neurons, together with the poor branching of 444 

parasubicular and presubicular projections makes functional connectivity unlikely at 445 

this early postnatal age. Note that in young postnatal animals the superficial part of 446 

layer I shows a high density of nicely aligned neurons, representing Cajal Retzius 447 

cells. These cells are relevant to orchestrate correct axonal distribution and synaptic 448 

targeting. During development the number of these neurons decrease strikingly 449 

around P14 (Anstötz et al., 2015). 450 
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Around P6-9/10 neurons in layers II and III showed a more developed 451 

dendritic morphology (Fig. 3C-D). At P6/7 LII and LIII principal neurons already had 452 

more widely spreading basal dendrites and apical dendrites occasionally reached the 453 

molecular layer, whereas the morphology of MEC layers V and VI neurons was still 454 

poorly differentiated (Fig. 3C). From P9/10 onwards the morphology of neurons in 455 

MEC layers II and III looked more mature with neurites but the neuritic tree 456 

morphology indicated that these neurons were still not adult-like (Fig. 3D). From P12-457 

P15 onwards the gross neuronal morphology looked more adult-like (Fig. 3E). 458 

Intracellularly filled LV neurons had apical dendrites that occasionally reached the 459 

molecular layer. Around P15, dendrites of all neurons extended over substantial 460 

distances with spine density still maturing and occasionally axons were visible, 461 

showing local collateral branching and varicosities (Burton et al., 2008). LV neurons 462 

had apical dendrites that crossed the lamina dissecans, displaying a feature of 463 

pyramidal morphology in which the apical dendrites clearly radiate towards the pial 464 

surface. Apical tufts in layers I/II from the LV dendrites were still rare at this age (Fig. 465 

3E). By P21, most LV apical dendrites reached the molecular layer (Fig. 3F). At this 466 

age, all layers were populated with well differentiated neurons showing adult-like 467 

dendritic branching, clearly developed spines and in many neurons the axon could 468 

be followed to either distribute locally, to extend towards the deep white matter or 469 

both (Fig. 3F). 470 

Postnatal development of physiology of MEC neurons. The development of the 471 

physiological properties of MEC neurons paralleled the morphological development 472 

and supported the morphological implication that functional connectivity becomes 473 

adult-like after P20. In vitro whole-cell recordings in pups ranging from P9-P30 474 

revealed that MEC neurons do not reach adult-like properties around P21. Before 475 

P12, LII principal neurons showed no rhythmic oscillations. From P12-P14 onwards 476 

the first indications for rhythmic activity were present but these rhythmic periods were 477 

still mixed with époques without oscillations (Table 2 and Fig. 4A-B). From P15 on, 478 
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the frequency of oscillations increased significantly, reaching theta range, and stayed 479 

constant until P28-30 (Table 2 and Fig. 4C-D). Regarding resonance frequencies, 480 

before P14 LII principal neurons had a resonance frequency lower than theta, 481 

whereas after P14 the frequency increased up to the theta range (Table 2; Fig. 4). 482 

We were not able to detect membrane potential oscillations, resonance properties, 483 

and sag potentials in LIII and LV principal neurons at any age, similar to other 484 

reports from studies using young adult animals (Gloveli et al., 1997; Canto and 485 

Witter, 2012).  486 

With respect to firing properties, from P9 onwards, LII principal neurons 487 

showed properties of intrinsic bursting neurons (Fig. 4A-D), with depolarizing 488 

afterpotentials (DAPs) after the first spike (Fig. 4A-D left zoom-ins). The amplitude of 489 

DAPs did not increase significantly during development (Table 2). The rise time of 490 

action potentials (APs) increased significantly from P9-11 to P12-14 after which it 491 

stabilized (Table 2). The AP half-width was significantly smaller in age group P28-30 492 

compared to age groups P9-11 and P12-14 (Table 2). The input resistance showed a 493 

trend to decrease from P9 to P30 in both layer II and layer III neurons, with the 494 

current needed to reach AP threshold being lower in young LII principal neurons 495 

compared to old ones (Tables 2-3). The time constant and AP half-width of layers II 496 

and V neurons decreased significantly from P9-12 and P12-14, respectively, to P28-497 

30 (Tables 2 and 5). The AP half-width and intrinsic firing frequency of LIII principal 498 

neurons changed during development (Table 3 and Fig. 4E-4H). Weak depolarization 499 

led to significantly shorter inter-spike-intervals (ISIs) in younger compared to P28-30 500 

old animals in response to weak and strong positive current (Table 3). LIII principal 501 

neurons changed from bursting to fast regular firing neurons around P14.  502 

 503 

Postnatal development of functional connectivity between PaS, PrS and MEC  504 

We next studied and quantified the development of the functional connections from 505 

PaS and PrS with MEC to infer whether the ongoing development of in vivo head 506 



 

 22 

direction and grid cell properties is paralleled by changes in the PaS and PrS to MEC 507 

network ensemble. For this we applied electrical stimulation with 1, 10, 20, 40 and 50 508 

Hz (Boccara et al., 2010) to PaS and PrS and assessed MEC activity making use of 509 

VSD imaging and single neuron recordings We have limited our descriptions and 510 

illustrations to the results of the 1 and 20 Hz stimulation frequencies because the 511 

results from these stimulation frequencies are representative of our observations at 512 

the range of frequencies noted above. For individual neuron recordings, we focused 513 

on principal neurons in layers II and III because this is where para- and presubicular 514 

axonal collaterals terminate  (Köhler, 1984; Caballero-Bleda and Witter, 1993). 515 

Based on current and published data (Langston et al., 2010; Couey et al., 2013), and 516 

on what is known about the functional development phases of the spatially 517 

modulated neuron types in vivo, we summarized data in six age groups (Prior to P9, 518 

P9-11, P12-14, P15-18 and P28-30). Prior to P9, first anatomical but no 519 

monosynaptic physiological connections, measured with VSD imaging and single 520 

neuron recordings, exist between PaS, PrS and MEC. At P9-11, the first 521 

physiologically functional monosynaptic connections between PaS and PrS with 522 

MEC develop. P12-14 is defined by still closed eyes of the rats, and first head 523 

direction cells in vivo (Tan et al., 2015). P15-18 is the age where inhibition within LII 524 

matures, where rats start exploring their own environment, have open eyes, where 525 

grid cells start to develop, and where we know that the head direction system 526 

matures notably with more reliable and directional head direction cells being present 527 

in the network (Ainge and Langston, 2012; Wills et al., 2013). Between P28 and P30, 528 

grid-cell and head-directional activity has stabilized. P59-61 old animals were tested 529 

as a control to compare network activity in young adult rats with that in older rats. 530 

 531 

Connectivity from PaS and PrS to MEC before P9.  532 

To establish the time-point and laminar profile of head-directional input entering 533 

MEC, be it mono- or polysynaptic, we first made use of voltage-sensitive dye (VSD) 534 
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imaging of MEC from P7 onwards, while placing a bipolar stimulating electrode in 535 

either PaS or PrS. Such an electrode stimulates a large volume of tissue and 536 

functional connectivity can thus be established. As described in the previous 537 

sections, anatomical connections are already present at this age and neuronal 538 

morphology of MEC neurons, particularly in superficial layers, is such that MEC 539 

neurons could potentially respond to inputs. Even though we observed that at P7 we 540 

are able to measure optical signals in MEC in response to bipolar stimulation of MEC 541 

itself (Fig. 5A), we do not see any optical signal within MEC before P9 in response to 542 

either weak or strong PaS and PrS stimulation (Fig. 5B and C, N=3). The apparent 543 

lack of functional connectivity before P9 was corroborated by single neuron 544 

recordings while stimulating either PaS or PrS (Fig. 5B’ and C’, N=4 for layer II and 545 

III, for PaS and PrS stimulation, and bipolar (strong) as well as glass electrode 546 

(weaker) stimulation). Irrespective of stimulation strength, stimulation frequency, or 547 

duration, at P5/6, no PSPs in MEC were observed. At P6/7 the first indications for 548 

functional projections of PaS to dorsal MEC LII principal neurons were occasionally 549 

visible (N=2), but only using strong extracellular pipette stimulation (45 mV). Evoked 550 

excitatory postsynaptic potentials (eEPSPs) had a latency of 7.8 ± 0.4 ms and a 551 

failure rate of around 95 percent suggesting that the induced responses were not 552 

monosynaptic. At P7/8 the latencies for PaS to LII and PrS to LIII were short (latency 553 

5.1 ± 0.2 ms; N=4 and latency 5.34 ± 0.4 ms, respectively), yet the failure rate of 554 

synaptic events was high (80 and 60 percent, respectively) and no responses were 555 

visible at minimum stimulation, suggesting a not yet fully developed connectivity. 556 

 557 

Connectivity between P9-11. 558 

PaS stimulation. The first measurable optical signals in MEC in response to bipolar 559 

PaS stimulation were seen at P9 (Fig. 6A, N=4). Optical signal changes were 560 

observed almost exclusively in layers II and III of MEC 5.6 ± 0.4 ms after stimulation. 561 

To validate potentially monosynaptic network events observed with VSD, we also 562 
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performed recordings of individual neurons while stimulating PaS (Fig. 6B-E). 563 

Putative monosynaptic responses of individual MEC LII (N=5) and LIII (N=6) 564 

principal neurons in response to PaS pipette stimulation were also visible from P8/9 565 

and P9/10 onwards (PaS to MEC LII failure rate 2% PaS to LIII 5%; latencies LII 566 

5.71 ± 0.16 ms and LIII 5.9 ± 0.2 ms; eEPSPs in response to minimum stimulation of 567 

0.9 mV; able to follow 100Hz stimulation; minimal jitter < 250 μs). From P9 to P11 the 568 

onset latencies for optical signals did not change but the signal size increased 569 

significantly from 1916.2 ± 298.2 to 5136.2 ± 278.3 for LII and from 1131.3 ± 264.6 to 570 

3774.5 ± 248.0 for LIII (Table 5 for age group P9-11 and Fig. 6A). Repetitive PaS 571 

stimulation of 20 Hz led to significant facilitation of the optical signal and the eEPSP 572 

amplitudes in P9-11 old LII principal neurons (for optical signals Fig. 6A and Table 5, 573 

evoked response changes within repetitive stimulation: Repeated measures analysis 574 

(RMA) LII N=27, df 3, F=36.76, p=0.000; for individual neuron data RMA df=3, 575 

F=3.812, p=0.033; Fig. 6B, D and E, and Table 6). Regarding deep layers, optical 576 

signals hardly outreached baseline activity at P9-10. The first clear optical signals 577 

were visible at P11 with the onset latencies between layers II-V and LVI being 578 

significantly different (Table 5 and Fig. 6E). The latter data are underlined by the fact 579 

that putative monosynaptic responses of individual MEC LV principal neurons can 580 

only be detected from P11/12 onwards (N=4, failure rate 9%; latency 5.5 ± 0.3; 581 

eEPSPs in response to minimum stimulation of 0.9 mV; able to follow 100Hz 582 

stimulation (data not shown); minimal jitter < 250 μs; Fig. 6E). 583 

PrS stimulation. Projections from PrS to MEC became functional around the same 584 

time (P9/10) as projections from PaS to MEC. At P9/10, optical signal changes were 585 

observed mainly in MEC LII and LIII (optical signal size per layer: P9/10 (N=17): LII 586 

578.6±166.2, LIII 1049.2±271.0, LV 347.7±112.5, LVI 367.9±109.4; Table 7 and Fig. 587 

7A), which was confirmed by the first putative monosynaptic signal changes in 588 

individual LII (N=2) and LIII (N=6) principal neurons from P8/9 and P9/10 onwards 589 
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(PrS to MEC LII failure rate 2%; PrS to LIII 9%; latencies LII 5.71 ± 0.16 ms and LIII 590 

5.31 ± 0.09; eEPSPs in response to minimum stimulation of 0.9 mV; able to follow 591 

100Hz stimulation (data not shown); minimal jitter < 250 μs). At P11 a significant 592 

increase in optical signal size occurred in deep layers (signal size per layer: P11 593 

(N=11): LII 1137.7±146.0, LIII 2027.7±202.0, LV 1442.8±255.5, LVI 1805.3±340.7; 594 

Table 7 and Fig. 7A) with onset latencies not being different between layers (Table 7). 595 

Also, individual MEC LV and LVI principal neurons showed a postsynaptic signal 596 

change in response to PrS stimulation from P11/12 onwards (N=4, latency 4.5 ± 0.3, 597 

9% failure rate; Fig 7B-7E and Table 8).  598 

To summarize, our data indicate that superficial MEC layers receive 599 

functional putative monosynaptic inputs from PaS and PrS from P8/9 onwards. The 600 

input to deep MEC layers becomes significant and monosynaptic approximately 2-3 601 

days later at P11/12. 602 

  603 

Connectivity between P12-14 604 

PaS stimulation. Compared to the previous age group, LII optical responses did not 605 

change (Fig. 6A and Table 5). We also analyzed responses of individual MEC LII 606 

principal neurons in response to PaS stimulation. Basic postsynaptic potential (PSP) 607 

parameters, such as amplitude, latency of onset, rise time, and half-width did not 608 

differ between P9-11 and P12-14 animals (Table 6 and Fig. 6B-6E). LII shows 609 

facilitating optical responses and a trend for facilitating neuronal responses in 610 

response to 20 Hz stimulation (optical data Fig. 6A and Table 5, evoked response 611 

changes within repetitive stimulation; optical data: RMA LII N=32, df=3, F=0.002, 612 

p=0.000; individual neuron data RMA df=3, F=2.839, p=0.083; Fig. 6D). The decay 613 

times of the optical and neuronal signals did not differ between layers (Tables 5-6). 614 

LIII optical responses and responses in deep layers became stronger (Fig. 6A and 615 

Table 5). Within the layers, signal sizes in LVI were significantly smaller compared to 616 

signal sizes of LII and LV (Table 5). As in the previous age group, the latencies of 617 
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responses were still significantly longer in LVI compared to the other layers (Table 618 

5).  619 

PrS stimulation. Between P12 and P14 optical responses were significantly weaker 620 

in LII compared to the strong and facilitating responses in LIII, LV and LVI (evoked 621 

response changes within repetitive stimulation per layer: RMA LIII N=42, df=3, 622 

F=65.92, p=0.000, LV N=39, df=3, F=51.87, p=0.000; LVI N=38, df=3, F=70.18, 623 

p=0.000; Table 7 and Fig. 7A). Induced optical signal sizes in LIII were smaller than 624 

the induced signal sizes observed in deep MEC (Table 7). In LIII, LV and LVI the 625 

optical signal sizes increased significantly compared to P9-11 (Fig. 7A and Table 7). 626 

The latencies were significantly longer in LII compared to deep layers (Table 7), but 627 

did not differ from the previous age group. The decay times did not differ between 628 

layers (Table 7) with the average decay time of LII not being measured in response 629 

to PrS stimulation due to the small signals. Subsequently, we also compared the 630 

properties of the evoked postsynaptic potentials in individual MEC LIII principal 631 

neurons in response to PrS stimulation and found that the PSP parameters did not 632 

differ (Table 8 and Fig. 7B-E). LIII showed facilitating optical and neuronal responses 633 

to 20 Hz stimulation but the neuronal responses did not reach significance (RMA 634 

df=1.075, F=0.930, p=0.394; Figs. 7A and D and Table 7). The decay times of the 635 

optical and neuronal signal did not differ between layers (Tables 7-8).  636 

 637 

Connectivity between P15-17 638 

PaS stimulation. In the P15-17 age group, the latencies of the optical responses 639 

observed were similar to those of the P12-14 group and only LVI had a slightly 640 

longer latency (Table 5 and Fig. 6A). All layers showed facilitation, including LIII, with 641 

decreasing decay times in the optical and individual neuron signal (evoked response 642 

changes within repetitive stimulation per layer, optical data: RMA, All layer have 643 

N=26: LII df=3, F=9.163, p=0.000, LIII df=3, F=58.35, p=0.000, LV df=3, F=89.58, 644 

p=0,000, LVI df=3, F=68.41, p=0.000; Individual neuron data RMA df=3, F=1.268, 645 
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p=0.367; Tables 5-6, Figs. 6A and C). The optical signal sizes of superficial layers 646 

were significantly smaller in this age group compared to the P12-14 group, whereas 647 

no differences in the deep layers were observed between the two age groups. The 648 

largest decrease of optical signal sizes occurred in LII and LIII neurons from P12 to 649 

P13 (LII K-W chi-square 12.49, df 10 p=0.000; MWU: P11&12-P13&14 p=0.002, LIII 650 

K-W chi-square 9.68, df 10 p=0.000; MWU: P12-P13&14 p=0.034,). The decrease in 651 

signal amplitude observed in animals between P12-15, is most likely explained by an 652 

increase in GABAergic inhibition since optical signals represent only the net 653 

depolarizing signal. Interestingly, similar to the optical signals, the decay times of 654 

PSPs of individual LII principal neurons in response to PaS stimulation decreased 655 

significantly, also leading to a smaller eEPSP half-width and a tendency for a smaller 656 

EPSP amplitude (Table 6 and Fig. 6C). These developments are thus in parallel with 657 

the developments in the optical signal and properties of individual neurons. All these 658 

data support the notion that, from P14 onwards the GABAergic inhibition matures 659 

vigorously. In line with this, application of the GABAa antagonist bicuculline (5 μM) 660 

increased the amplitudes of the optical signals in response to PaS stimulation in 661 

layers II and III only from P12-14 onwards, whereas in deep layers GABAergic 662 

inhibition evolved later, starting to develop in around P15-17 (normal ACSF versus 663 

bicuculline ACSF, paired t-test: P7-11 (N=6), sign test for paired comparisons: LII 664 

p=0.062, LIII p=0.062, LV p=0.718, LVI p=0.906; P12-14 (N=6); LII p=0.004, LIII 665 

p=0.001, LV p=0.670, LVI p=0.950, P15-17 (N=10); LII p=0.000, LIII p=0.000, LV 666 

p=0.034, LVI p=0.074).  667 

PrS stimulation. Regarding presubicular to MEC connectivity, in the P15-17 age 668 

group, LV and LVI showed the largest optical responses followed by responses in 669 

LIII and LII (Table 7 and Fig. 7A). LIII responses were significantly weaker compared 670 

to P12-14 animals (Fig. 7A). The latencies of responses in LII were no longer 671 

different from the other layers and were similar to the P12-14 group (Table 7). LII did 672 

not show strong facilitation, whereas the optical signals of the other layers did 673 



 

 28 

(Evoked response changes within repetitive stimulation per layer: RMA LII N=22, 674 

df=3, F=5.025, p=0.004; LIII N=32, df=2.388, F=43.577, p=0.000, LV N=34, df=3, 675 

F=52.64, p=0.000; LVI N=34, df=3, F=55.92, p=0.000; individual neuron data: RMA 676 

df=1.009, F=3.085, p=0.153; Table 7 and Fig. 7A). The decay time was similar in all 677 

cell layers, although we observed a trend that LIII had the longest decay time (Table 678 

7). PSP properties of individual LIII neurons in response to PrS stimulation did not 679 

differ from the previous age groups, except for the PSP half-width, which was 680 

significantly longer compared to the previous age group, which is also in line with a 681 

trend in a longer decay time of the optical signals (Table 8 and Fig. 7B-E). The 682 

decrease in signal amplitudes in LIII and deep layers after P14 in response to PrS 683 

stimulation may also be explained by the previously described increase in 684 

GABAergic inhibition. Application of bicuculline (5 μM) did not lead to an increase in 685 

signal amplitude in P9-11 old rats (normal ACSF versus bicuculline ACSF (N=6), 686 

paired t-test: LII p=0.054, LIII p=0.116, LV p=0.088, LVI p=0.079), whereas 687 

bicuculline increased the amplitudes of the optical signals in deep layers from P12-14 688 

onwards. However, in superficial layers, the effect of bicuculline evolved around P15-689 

17 (normal ACSF versus bicuculline ACSF, sign test for paired comparisons: P12-14 690 

(N=8); LII p=0.164, LIII p=0.070, LV p=0.039, LVI p=0.007, P15-17(N=9); LII 691 

p=0.007, LIII p=0.003, LV p=0.003, LVI p=0.007).  692 

 693 

Connectivity between P28-30 694 

PaS stimulation. From P28 to 30, which is the age group where head direction and 695 

grid cell activity stabilizes (Langston et al., 2010; Wills et al., 2010), we observed a 696 

significantly smaller optical signal compared to age groups P12-14 and P15-17 697 

(Table 5 and Fig. 6A). The latencies of optical and neuronal signal onset were still 698 

similar between layers (Tables 5-6). Responses in layers III and V showed only weak 699 

facilitation, whereas the optical and neuronal signals of LII and also the optical 700 

signals of LVI showed no facilitation (evoked response changes within repetitive 701 
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stimulation per layer, optical data: RMA, All layer have N=14, LII df=1.484, F=0.150, 702 

p=0.798, LIII df=3, F=7.574, p=0.000, LV df=3, F=18.09, p=0.000, LVI df=1.014, 703 

F=1.430, p=0.253; individual neuron data: RMA df=3, F=2.062, p=0.176; Table 5, 704 

Figs. 6A and 6D). In this age group, as in the previous age group, optical and 705 

individual neuron signals in LII had the shortest decay time back to baseline after 706 

applied stimuli (Tables 5-6), which lead to a significantly shorter half-width of PSPs.  707 

PrS stimulation. Age group P28-30 showed smaller optical signals in all layers than 708 

P12-14 and P15-17, except for LII, where the signal was small at all ages (Table 7 709 

and Fig. 7A). The latencies of the optical and individual neuronal signal did not differ 710 

between layers and age groups (Tables 7-8). As in the previous age group, LII 711 

showed the weakest facilitation in the optical signal, whereas the other layers still 712 

showed strong facilitation (Evoked response changes within repetitive stimulation per 713 

layer; optical data: RMA LII N=11, df=3, F=2.201, p=0.108; LIII N=18, df=2.016, 714 

F=6.798, p=0.003, LV N=19, df=3, F=12.124, p=0.000; LVI N=21, df=2.26, F=14, 715 

p=0.000; individual neuron data: RMA df=1.008, F=3.311, p=0.166; Table 7; Figs. 716 

7A, 7D-7E). The decay times were similar in all layers (Tables 7-8). 717 

 718 

Connectivity between P59-61 719 

PaS stimulation. We further compared signal sizes of P28-30 young adult rats with 720 

P59-61 adult rats and found that there were no differences between the two age 721 

groups (Table 5 and Fig. 8A left). Also the latencies did not differ between layers and 722 

age groups (Table 5). Regarding facilitation, all layers showed only weak or no 723 

facilitation comparing the first with the last evoked response, similar to what we found 724 

for the previous age group (Evoked response changes within repetitive stimulation 725 

per layer: RMA, All layer have N=8, LII df=1.579, F=3.302, p=0.083, LIII df=3, 726 

F=6.30, p=0.003, LV df=3, F=6.293, p=0.003, LVI df=3, F=8.912, p=0.001; Table 5 727 

and Fig. 8A left). LII also showed the shortest decay time in these young adult rats, 728 

as in the previous age groups (Table 5). 729 
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PrS stimulation. We further compared signal sizes of P28-30 old rats with P59-61 730 

rats after PrS stimulation. We found that there were no differences between the two 731 

age groups (Table 7 and Fig. 8A right). Furthermore, the latencies did not differ 732 

between layers and age groups (Table 7). As in the previous age groups LII still 733 

showed the weakest facilitation even though facilitation in deep layers was also 734 

weakened (Evoked response changes within repetitive stimulation per layer: RMA, 735 

LII N=6, df=3, F=0.557, p=0.651; LIII N=7, df=3, F=3.405, p=0.040, LV N=8, df=3, 736 

F=1.040, p=0.395; LVI N=8, df=3, F=2.657, p=0.075; Table 7 and Fig. 8A right). The 737 

decay times between layers, were similar in this age group as well (Table 7). 738 

 739 

Discussion 740 

Our results show that axons from PaS and PrS evolve in MEC and have a potential 741 

to establish synaptic contacts with MEC neurons from around P4-6 onwards (Fig. 9). 742 

This potential greatly enhances during the subsequent week because the 743 

presynaptic axons show a marked morphological development after P4/5. This 744 

development is accompanied by a parallel development of the postsynaptic targets; 745 

from P6/7 onwards, MEC neurons start to develop advanced dendritic branching 746 

patterns (Fig. 9). Morphologically, the network does not develop an adult-like 747 

connectivity matrix until P12-15 and the complexity takes another 1 to 2 weeks to 748 

mature to adult levels. Our electrophysiological VSD imaging and single whole-cell 749 

recording experiments in rat brain slices from P4-61 old animals are in line with this 750 

morphologically derived conclusion. Immature monosynaptic functional connections 751 

from both PaS and PrS to MEC (González-Burgos et al., 2000; Tolner et al., 2007) 752 

emerge at P8-9. Both PaS and PrS to MEC connections develop over the course of a 753 

few days, and responses of MEC neurons to PaS and PrS stimulation become more 754 

reliable around P10-11. During this developmental period, PaS mainly interacts with 755 

neurons in LII, whereas PrS preferentially influences LIII. The functional innervation 756 

of deep MEC layers from both PaS and PrS begins around P11-12. From P12 on, 757 
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PaS and PrS activation leads to reliable monosynaptic activity in LII, LIII and LV, 758 

coincident with the emergence of PrS head direction cells (Tan et al., 2015) (Fig. 9). 759 

From P14 onwards, the level of network depolarization in MEC diminishes, likely due 760 

to an increase in inhibition, reaching levels shown in adult animals.  761 

 762 

Connectivity before P9. The majority of neurons in PaS, PrS and MEC are formed 763 

before birth (Bayer, 1980a, 1980b; Donato et al., 2017). However, one week 764 

postnatally, neurons are morphologically immature and axonal connections may not 765 

have formed yet. Projections from PaS and PrS to MEC can be anatomically traced 766 

from P4/5 onwards, yet the present data indicate that these projections are not 767 

functional before P9. Because stimulation of LV in MEC resulted in local activation of 768 

LII and LIII prior to P9, it appears that neurons in MEC can be electrically driven. 769 

Thus, although sporadic synaptic inputs from PaS and PrS do exist at P8, these 770 

inputs cannot yet reliably drive the existing local MEC network, similar to what was 771 

shown in mutant mice that lack the expression of Munc-18, a protein that is 772 

obligatory in vesicle exocytosis (Verhage et al., 2000; Bouwman et al., 2004). In 773 

those mutant mice, synaptic wiring of the brain may be structured normally, but 774 

without presence of synaptic release. Inputs from PaS and PrS may also differ from 775 

local connections in MEC in that the former inputs depend on the development of 776 

distal portions of the dendrite of their target cells. Our data indicate that the neuron 777 

morphology in such young animals is immature, lacking well-developed distal 778 

dendrites. How the lower spine density on P5 EC LII neurons compared with P14 779 

neurons plays a role in development of these connections remains to be established. 780 

 781 

Connectivity between P9-11. At this early age, PaS and PrS stimulation mainly 782 

evoked immature responses in LII and LIII, whereas responses in LV and LVI were 783 

weak or absent. As we showed, such weak responses cannot be explained by 784 

GABAergic inhibition at this developmental stage. In the case of MEC LV neurons, 785 
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the weak to absent responses are more likely caused by the lack of fully developed 786 

basal and apical dendrites and the lack of spines.  787 

 788 

Connectivity between P12-14. Around P12 the network and neuronal responses in 789 

MEC change in two main aspects. Upon PaS and PrS stimulation, responses in LV 790 

and LVI become more proficient, those in LII and LIII increase in amplitude and 791 

stabilize. The overall increased responsiveness of MEC deep layers is in line with 792 

what we found in P20-30 old animals (Canto et al., 2012), which may reflect an 793 

overall increase in maturity of the physiology, the apical dendrite, and density of 794 

spines (Reboreda et al., 2007). The physiological maturation of LII and LIII principal 795 

neurons before P14 likely reflects the ongoing development of receptor expression 796 

(Burton et al., 2008). After P14, LII and LIII typical characteristics look adult-like 797 

(Canto and Witter, 2012), which suggests that integrative properties relying on 798 

intrinsic membrane properties (Losonczy et al., 2002; Garden et al., 2008) become 799 

stable around that age, even though it has been shown that profiles of individual LII 800 

neurons still show changes after P30 (Burton et al., 2008; Boehlen et al., 2010; Ray 801 

and Brecht, 2016). 802 

We further observed changes in response properties of principal neurons after 803 

bicuculline application in all layers. This rather abrupt change in network sensibility to 804 

bicuculline likely relates to the so called GABA-shift that occurs in the cortex after 805 

birth (Cherubini et al., 1991; Ben-Ari et al., 2007).  806 

 807 
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Connectivity before and after P15. The current observations strongly support the 808 

notion that the development of projections from PaS and PrS to MEC is such that 809 

inputs from both structures exert functional effects on the MEC network before P15 810 

but reach adult-like properties around P15. That the signal amplitude shows a 811 

decrease until P28 is likely due to an increase of inhibition in the network still 812 

developing after P15 (Cherubini et al., 1991; Ben-Ari et al., 2007). Although cutting 813 

the axons may also cause this decrease of activation, we deem that unlikely since 814 

we checked connectivity in slices using anatomical tracing (Canto et al., 2012). The 815 

parallel development of GABAergic modulation and functional connectivity between 816 

PaS, PrS and MEC supports that both are key players in the development of 817 

functional cells, such as grid cells, in MEC (McNaughton et al., 2006; Burgess et al., 818 

2007; Hasselmo et al., 2007; Burak and Fiete, 2009; Beed et al., 2013; Couey et al., 819 

2013; Winter et al., 2015).  820 

 821 

Development of PaS and PrS inputs to MEC match functional changes. 822 

Our results are the first to show that functional projections from PaS and PrS to MEC 823 

are present before immature grid cells have been observed in MEC at P16. These 824 

inputs to MEC show relatively mature properties at P15, around eye opening, which 825 

is the same time head direction cells stabilize in both MEC, PaS and PrS, and long 826 

before grid cells have adult-like properties, which happens between P21 to P28-30 827 

(Langston et al., 2010; Wills et al., 2010; Tan et al., 2015). This developmental 828 

timeline is in agreement with the suggested hypothesis that head direction signals in 829 

MEC depend on inputs from at least PrS, but likely also on those from PaS. The 830 

latter hypothesis is supported by reports that manipulations of the head direction 831 

system at the level of the anterior thalamus in adults result in a disruption of grid cell 832 

firing (Winter et al., 2015). The early inputs from PaS and PrS, functional from P12, 833 

thus likely provide head directional codes to the developing MEC, several days 834 

before head direction or grid cells emerge in MEC. The stability of the signal in the 835 
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head direction system dramatically increases within 24 hours after eye opening (Tan 836 

et al., 2015), when the connectional matrix, as we reported, also reaches stable 837 

adult-like properties.  838 
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Legends 977 

 978 

Figure 1: Postnatal development of projections from PaS to MEC. The 979 

presynaptic side. (A, B, C) Representative gray-scale inverted images of an area in 980 

MEC showing labeling of parasubicular axons in layers I-III in MEC at A P5, B P12, 981 

and C P20. (A’, B’, C’) Higher magnification images of areas indicated with white 982 

boxes in A, B, and C. Indicated are examples of varicosities, likely reflecting 983 

presynaptic elements (white arrow heads) and axonal branching points (blue 984 

arrowheads). Insets show the anterograde tracer injection sites in PaS. Dashed lines 985 

indicate brain areas and layers. Scale bars in A, B and C equal 500 m and in A’-C’ 986 

equal 100 m 987 

 988 

Figure 2: Postnatal development of projections from PrS to MEC. The 989 

presynaptic side. (A, B, C) Representative area in MEC showing labeling of 990 

presubicular axons in layers I-III in MEC at A P5, B P12, and C P20. (A’, B’, C’) 991 

Higher magnification images of areas indicated with white boxes in A, B, and C. 992 

Indicated are an example of a growth cone (red arrowhead), varicosities, likely 993 

reflecting presynaptic elements (white arrow heads), and axonal branching points 994 

(blue arrowheads). Insets show the anterograde tracer injection sites in PrS. Dashed 995 

lines indicate brain areas and layers. Scale bars in A, B and C equal 500 m and in 996 

A’-C’ equal 100 m. 997 

 998 

Figure 3: Postnatal development of morphological properties of neurons in 999 

MEC. The postsynaptic side. Golgi-stained material showing the neuronal 1000 

morphology at different postnatal days. (A) Sagittal section of a P20 animal stained 1001 

with NeuN as a marker for neuronal somata. The square indicates the approximate 1002 

position of the golgi images for B-F. Scale bar equals 1.5 mm. High magnification of a 1003 
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piece of MEC stained with Golgi (see method section for details) of a P4 (B), P6 (C), 1004 

P10 (D), P15 (E), and P21 (F) animal. The neurons appear immature from P4-10 and 1005 

adult-like starting at P15. Apical dendrites can be seen radiating from the deep layers 1006 

to the pial surface in the two older animals. Note that neurons in superficial layers of 1007 

the youngest animals (B) appear substantially larger than in older animals; this is due 1008 

to an incubation artefact resulting in too dense silver deposits. Both neuronal stains 1009 

in younger tissue (Nissl) as well in the intracellular fill data corroborate that the 1010 

neurons at these young postnatal ages are not larger. Scale bar in C equals 200 μm; 1011 

applies to figures B – F. 1012 

 1013 

Figure 4: Postnatal development of physiological properties of principal 1014 

neurons in MEC. The postsynaptic side.  1015 

(A-D) Response properties of MEC LII principal neurons. Voltage responses of one 1016 

typical LII principal neuron per age group (A) P9-11, (B) P12-14, (C) P15-17, and (D) 1017 

P28-30. (E-H) Response properties of MEC LIII principal neurons. Voltage responses 1018 

of one typical LIII principal neuron per age group (E) P9-11, (F) P12-14, (G) P15-17, 1019 

and (H) P28-30. Number of neurons measured per age group is indicated with (N=). 1020 

(A-H) (1st column) Voltage responses of typical principal neurons to a weak 1021 

hyperpolarizing and depolarizing 1 s current step just reaching firing threshold. The 1022 

insets in all cases show a zoom of 20 ms, displaying the Action potential (AP) 1023 

afterpotentials. (2nd column) the voltage responses to a ±200 pA step of 1 s. (3rd 1024 

column) A voltage response of the same neuron shown in the first two columns in 1025 

response to a ZAP stimulus. (4th column) Membrane fluctuations recorded just below 1026 

firing threshold. In all subfigures the average membrane potential is indicated right 1027 

below the individual voltage traces. 1028 

 1029 

Figure 5: Before P9 monosynaptic membrane changes are not observed in 1030 

MEC in response to PaS and PrS stimulation. (A, B, C) (Left) Picture of a 1031 
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semihorizontal brain section of a P6-7 old animal with a stimulation electrode in A 1032 

MEC, B PaS and C PrS. To the right, optical signal traces after 20 Hz obtained from 1033 

MEC LII, LIII, and LIII lateral or LV respectively, of the boxed areas indicated to the 1034 

left. (B’ and C’) (Left) Drawings of a standard horizontal rat brain slice used to study 1035 

contacts between B’ PaS or C’ PrS and MEC. The grey pipette stimulation electrode 1036 

indicates the stimulation position. A drawing of a representative principal neuron 1037 

recorded from intracellularly (black pipette) is presented with dendrites and soma in 1038 

black. No membrane changes are observed in MEC in response to B’ PaS or C’ PrS 1039 

stimulation before P6/7. Pink dotted lines indicate the time points of stimulation. 1040 

 1041 

Figure 6: Postnatal development of network and neuronal reactions in MEC in 1042 

response to PaS stimulation. (A) (Left) Representative Nissl-stained slice 1043 

illustrating the position of the bipolar stimulation electrode in PaS and the position of 1044 

four pixels in LII-LVI (light to dark grey respectively) from which the optical responses 1045 

are collected. The pixel size is 0.03 mm2. (Right) Averaged optical signal traces in 1046 

MEC after 20 Hz PaS stimulation. Dashed vertical line indicates the onset of 1047 

stimulation. (B) Drawings of a standard horizontal rat brain slice used to study 1048 

contacts between PaS and MEC. The grey pipette stimulation electrode indicates the 1049 

stimulation position in superficial PaS. For each age group, a drawing of a 1050 

representative principal neuron recorded from intracellularly (black pipette) is 1051 

presented with dendrites and soma in black and axons in red. (C) The average wave 1052 

form of an eEPSP in MEC LII, in response to 1 Hz PaS stimulation at different age 1053 

groups (left P9-12, 2nd left P12-14, 3rd left P15-17, right P28-30). Inset to the right of 1054 

traces shows a zoom-in of the first 20 ms shown to the left. (D) The average 1055 

amplitudes ± s.e.m. of eEPSPs in response to four repetitive stimulations. 1056 

Significance is indicated with * and the corresponding p value. (E) Single eEPSPs in 1057 

response to 1 Hz (top) or 20 Hz (bottom) PaS stimulation, as recorded in either LII 1058 

(light grey), LIII (grey) or LV (dark grey). The membrane potential of the neuron is 1059 
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written. Pink dotted lines indicate the time points of stimulation. Number of neurons 1060 

measured per age group is indicated with (N=).  1061 

 1062 

Figure 7: Postnatal development of network and neuronal reactions in MEC in 1063 

response to PrS stimulation.  (A) (Left) Representative Nissl-stained slice 1064 

illustrating the position of the bipolar stimulation electrode in PrS and the position of 1065 

four pixels in LII-LVI (light to dark blue respectively) from which the optical responses 1066 

are collected. The pixel size is 0.03 mm2. (Right) Averaged optical signal traces in 1067 

MEC after 20 Hz PrS stimulation. Dashed vertical line indicates the onset of 1068 

stimulation. (B) Drawings of a standard horizontal rat brain slice used to study 1069 

contacts between PrS and MEC. The grey pipette stimulation electrode indicates the 1070 

stimulation position in superficial PrS. For each age group, a drawing of a 1071 

representative principal neuron recorded from intracellularly (black pipette) is 1072 

presented with dendrites and soma in black and axons in red. (C) The average wave 1073 

form of an eEPSP in MEC LIII, in response to 1 Hz PrS stimulation at different age 1074 

groups (left P9-12, 2nd left P12-14, 3rd left P15-17, right P28-30). Inset to the right of 1075 

traces shows a zoom-in of the first 20 ms shown to the left. (D) The average 1076 

amplitudes ± s.e.m. of eEPSPs in response to four repetitive stimulations. 1077 

Significance is indicated with * and the corresponding p value. (E) Single eEPSPs in 1078 

response to 1 Hz (top) or 20 Hz (bottom) PrS stimulation, as recorded in either LII 1079 

(light blue), LIII (blue) or LV (dark blue). The membrane potential of the neuron is 1080 

indicated. Pink dotted lines indicate the time points of stimulation. Number of neurons 1081 

measured per age group is indicated with (N=).  1082 

 1083 

Figure 8: Network reactions in adult MEC. Averaged optical signal traces in MEC 1084 

after 20 Hz PaS stimulation (left) and PrS stimulation (right) from age group P59-61. 1085 

Dashed vertical line indicates the onset of stimulation.  1086 

 1087 
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Figure 9: Overview summarizing the development of functionality and 1088 

functional projections from PaS and PrS to MEC in the rat. (Top row) Head 1089 

direction cells are present in PaS and PrS from P11 onward (P11 was the first day of 1090 

recordings performed by Bjerknes and colleagues (Bjerknes et al., 2015)). Polar plots 1091 

showing distribution of firing rate for one representative head direction cell (peak 1092 

firing rate indicated). Directional tuning stabilizes shortly after eye opening. Adapted 1093 

from (Bjerknes et al., 2015). (2nd row) Grid cells are also present from the first day of 1094 

recordings (P16) but grid regularity increases throughout the first 4-5 weeks of 1095 

postnatal development. Rate maps of grids (top row) and spatial autocorrelations 1096 

(bottom row) from P16-18 old rats show grid like characteristics but the regularity and 1097 

specificity of the grid increases with age (color scale from blue (r=-1) to red (r=+1), 1098 

grid scores are indicated) (Adapted from (Langston et al., 2010; Ainge and Langston, 1099 

2012)). (3rd row) Schematic overview of the development of the presynaptic (PaS and 1100 

PrS) and postsynaptic (MEC) anatomy. The somata of MEC neurons together with 1101 

their neurites are color-coded orange. The dendritic morphology of P4-6 old MEC 1102 

neurons is poorly developed. The majority of somata with recognizable neurites are 1103 

located in layers II and III. For all neurons, the number of neurites is low and the 1104 

neurites are poorly developed, remaining mostly within the layer of origin. Dendrites 1105 

of mainly superficial layers show sparse branching that does not extend over long 1106 

distances. Axons from PaS (grey tones) and PrS (blue tones) emerge from P4-6 but 1107 

continue to develop over time. Indicated are varicosities (filled circles), and synapses 1108 

(axonal branching points with synapse shaped terminals contacting the postsynaptic 1109 

MEC neuron). From P9/10 onwards the morphology of neurons in MEC layers II and 1110 

III looks more mature but the neuritic tree morphology together with the presynaptic 1111 

morphology indicates that the connections are still not adult-like. From P12-15 1112 

onwards the gross neuronal morphology looks more adult-like. (4th row) Shows the 1113 

averaged optical signal traces in MEC after 20 Hz PaS stimulation (grey) and PrS 1114 

stimulation (blue) from the different age groups. (Bottom row) Averaged voltage trace 1115 
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of an eEPSP in MEC LII (grey; top) and LIII (blue; bottom), in response to 1 Hz PaS 1116 

(grey; top) and PrS (blue; bottom) stimulation, respectively, at the different age 1117 

groups (left P9-12, 2nd left P12-14, 3rd left P15-17, right P28-30). 1118 
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Tables 1119 

 Table 1. Anterograde tracer injection per injection side and age of injection 1120 

Summary of injections in either PaS, PrS or combined involvement of both structures 1121 

(PaS/PrS) per postnatal day.  1122 

 1123 

 1124 

 1125 

 1126 

 1127 

 1128 

 1129 

 1130 

 Number of injections  Number of injections 

Age 

(P) 

PaS PrS PaS/PrS Age 

(P) 

PaS PrS PaS/PrS 

2 2 0 0 13 1 1 0 

3 1 1 0 14 1 0 0 

4 3 1 0 15 0 1 0 

5 1 1 0 16 0 1 0 

6 2 0 0 17 0 1 0 

7 2 1 0 18 1 3 0 

8 1 3 0 19 0 3 0 

9 0 0 1 21 2 3 0 

10 0 0 1 22 1 1 0 

11 2 3 1 23 1 0 0 

12 0 5 0 24 1 0 0 
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Layer II P9-11 
(N=15) 

P12-14 
(N=16) 

P15-17 
(N=14) 

P28-30 
(N=11) 

Difference 
between age 
groups 

Resonance 
frequency (Hz) 

1.57 ± 0.43 
* p = 0.029 
^ p = 0.001 

2.02 ± 0.53 
^ p = 0.023 

3.62 ± 0.54 
 

4.2 ± 0.48 
 

ANOVA df = 3,  
F = 7.19,  
p = 0.001 

Membrane 
potential 
oscillations (Hz) 

0 
* p = 0.00 
^ p = 0.00 

0.58 ± 0.41 
* p = 0.000 
^ p = 0.004 

4.04 ± 0.44 4.54 ± 0.30 ANOVA df = 3,  
F = 21.5,  
p = 0.000 

Input resistance 
 (GΩ) 

416 ± 19 
^ p = 0.022 

279 ± 46 216 ± 24 181 ± 28 ANOVA df = 3,  
F = 3.56,  
p = 0.021 

Current to 
reach threshold 
firing (pA) 

35.7 ± 4.77 
# p = 0.006 
* p = 0.008 
^ p = 0.000 

86.0 ± 11.4 
^ p = 0.000 

90.0 ± 18.0 
 

164 ± 16.1 KW 18.1,  
df = 3,  
p = 0.000 

Time constant 
 (ms) 

25.7 ± 3.2 
* p = 0.016 
^ p = 0.000 

21.8 ± 3.95 
^ p = 0.004 

19.9 ± 3.3 14.3 ± 3.46 ANOVA df = 3,  
F = 10.3,  
p = 0.000 

DAP (mV) 
1.64 ± 0.7 2.54 ± 0.5 3.24 ± 0.38 4.12 ± 0.4 ANOVA df = 3,  

F = 0.58,  
p = 0.632 

AP rise time 
 (ms) 

0.36 ± 0.01 
* p = 0.000 
^ p = 0.000 

0.32 ± 0.01 0.27 ± 0.01 0.26 ± 0.01 ANOVA df = 3,  
F = 10.0,  
p = 0.000 

AP half-width 
 (ms) 

1.88 ± 0.13 
^ p < 0.040 

2.18 ± 0.16 
* p = 0.005 
^ p = 0.001 

1.38 ± 0.16 1.34 ± 0.14 ANOVA df = 3,  
F = 7.51,  
p = 0.000 

Table 2: Postnatal development of MEC LII neurons. Table summarizing the 1131 

biophysical properties of LII neurons of different age groups. The total number of 1132 

neurons measured per age group is indicated with (N=). The rows represent average 1133 

LII principal neuron characteristics of all neurons/age group ± s.e.m.. The last column 1134 

presents the results of the statistical test used to assess the differences between age 1135 

groups. Differences between the data points are considered statistically significant at 1136 

p < 0.05. Homogeneity was tested with Levene’s test. Assumptions for parametric 1137 

tests were not met for current to reach threshold firing, so these were tested with 1138 

Kruskal-Wallis (KW) followed by Mann-U Whitney tests instead. Significance is 1139 

indicated with ^ and the corresponding p value if data were significantly different from 1140 

age group P28-30 and with a * if data were significantly different from age group P15-1141 

17. 1142 
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Column description. The resonance frequency is the peak in the impedance 1143 

magnitude versus the frequency plot calculated by dividing the voltage response by 1144 

the current input. Membrane potential oscillation frequencies were analyzed for 1145 

power spectral density. Input resistance is measured by dividing the amplitude of the 1146 

voltage response with that of the current step injected by fitting a double exponential 1147 

curve to a -200 pA voltage response. The current to reach threshold firing is the 1148 

current that is needed for an AP to occur. The time constant (tau) is the time it takes 1149 

for the voltage deflection in response to a negative current step to reach 63 percent 1150 

of its maximal value. We measured it in response to a -200 pA step. The DAP was 1151 

calculated by first measuring the maximal depolarizing voltage deflection after the 1152 

first AP induced. Then the difference between the amplitude of the depolarizing 1153 

afterpotential and the amplitude of the threshold for firing was calculated; The AP rise 1154 

time is the time of the AP to increase from 20 percent to 80 percent for the first AP in 1155 

response to a weak current injection. AP half-width is measured at 50 percent of the 1156 

AP amplitude of the first AP in response to a weak current step. 1157 
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 1158 

Layer III P9-11 
(N=13) 

P12-14 
(N=12) 

P15-17 
(N=12) 

P28-30 
(N=7) 

Difference 
between age 
groups 

Input resistance 
 (GΩ) 

0.35 ± 0.47 
* p = 0.029 
^ p = 0.029 

0.34 ± 0.48 
 

0.20 ± 0.01 0.18 ± 0.02 KW 8.69,  
df = 3,  
p = 0.034 

Current to 
reach threshold 
firing (pA) 

30.7 ± 4.19 40 ± 5.39 30.8 ± 3.66 33.3 ± 6.6 ANOVA df = 3,  
F = 0.82,  
p = 0.486 

Time constant 
 (ms) 

24.0 ± 2.72 21.4 ± 2.11 23.9 ± 1.86 18.4 ± 2.13 ANOVA df = 3,  
F = 0.31  
p = 0.811 

AP rise time 
 (ms) 

0.37 ± 0.03 0.34 ± 0.03 0.30 ± 0.03 0.34 ± 0.03 ANOVA df = 3,  
F = 0.51,  
p = 0.674 

AP half-width 
 (ms) 

1.92 ± 0.09 
* p = 0.049 
^ p = 0.000 

1.7 ± 0.08 
^ p = 0.000 

1.47 ± 0.09 1.15 ± 0.1 ANOVA df = 3,  
F = 12.2,  
p = 0.000 

ISI 1st and 2nd 
spike weak 
current step (s) 

0.08 ± 0.02 
^ p = 0.001 

0.11 ± 0.31 
^ p = 0.01 

0.16 ± 0.02 
 

0.30 ± 0.03 ANOVA df = 3,  
F = 6.56,  
p = 0.001 

ISI 1st and 2nd 
spike 200 pA 
current step (s) 

0.01 ± 0.00 
* p = 0.003 
^ p = 0.000 

0.01 ± 0.01 
^ p = 0.000 
 

0.03 ± 0.00 0.04 ± 0.00 KW 21.3,  
df = 3,  
p = 0.000 

Table 3: Postnatal development of properties of MEC LIII neurons. 1159 

Table summarizing the biophysical properties of LIII neurons of different age groups. 1160 

The total number of neurons measured per age group is indicated with (N=). The 1161 

rows represent average LIII principal neuron characteristics of all neurons/age group 1162 

± s.e.m.. The last column presents the results of the statistical test used to assess 1163 

the differences between age groups. Differences between the data points are 1164 

considered statistically significant at p < 0.05. Homogeneity was tested with a 1165 

Levene’s test. Assumptions for parametric tests were not met for input resistance and 1166 

ISI 1st and 2nd spike 200pA current steps, so differences were tested with Kruskal-1167 

Wallis (KW) followed by Mann-U Whitney tests. Significance is indicated with ^ and 1168 

the corresponding p value if data were significantly different from age group P28-30, 1169 

with a * if data were significantly different from age group P15-17. Column 1170 

description. See legend table 2 and in addition the ISI is calculated for the first and 1171 

second spike in response to a weak and +200 pA step.  1172 
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Layer V P12-14 (N=26) P15-17 (N=26) P28-30 (N=5) 
Difference 
between age 
groups 

Input resistance 
(GΩ) 

0.62 ± 0.04 0.65 ± 0.04 0.56 ± 0.04 ANOVA df = 2,  
F = 1.23,  
p = 0.307 

Current to 
reach threshold 
firing (pA) 

40 ± 5.3 40.7 ± 3.4 43.3 ± 6.4 ANOVA df = 2,  
F = 1.11  
p = 0.344 

Time constant 
 (ms) 

52.8 ± 12.7 
^ p = 0.050 

40.4 ± 2.76 
^ p = 0.021 

22.4 ± 2.43 ANOVA df = 2,  
F = 2.09,  
p = 0.014 

AP rise time 
 (ms) 

0.40 ± 0.04  0.34 ± 0.01  0.33 ± 0.02  ANOVA df =2,  
F = 1.34,   
p = 0.277 

AP half-width 
 (ms) 

2.37 ± 0.21 
^ p = 0.04 

1.75 ± 0.05 1.67 ± 0.20 ANOVA df = 2,  
F = 3.80,  
p = 0.036 

ISI 1st and 2nd 
spike weak 
current step (s) 

0.13 ± 0.02  
 

0.13 ± 0.02 
 

0.10 ± 0.05 ANOVA df = 2,  
F = 0.03,  
p = 0.964 

ISI 1st and 2nd 
spike 200 pA 
current step (s) 

0.02 ± 0.00 
 

0.03 ± 0.01 0.03 ± 0.02 ANOVA df = 2,  
F = 1.15, 
p = 0.332 

Table 4: Postnatal development of properties of MEC LV neurons. 1173 

Table summarizing the biophysical properties of LV neurons of different age groups. 1174 

The total number of neurons measured per age group is indicated with (N=). The 1175 

rows represent average LV principal neuron characteristics of all neurons/age group 1176 

± s.e.m.. The last column presents the results of the statistical test used to assess 1177 

the differences between age groups. Differences between the data points are 1178 

considered statistically significant at p < 0.05. Homogeneity was tested with a 1179 

Levene’s test. Significance is indicated with ^ and the corresponding p value if data 1180 

were significantly different from age group P28-30. See legend table 2 and in addition 1181 

the ISI is calculated for the first and second spike in response to a weak and +200 pA 1182 

step.  1183 

 1184 

 1185 

 1186 
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PaS signal size latency (ms) decay time 
 (ms) 

Difference 
between layers 
per age group 

P9-11 
 
 

LII 4357 ± 382  
(N=29) 

5.0 ± 0.3  
(N=27) 

127 ± 56  
(N=10) 

S: AN
O

VA df = 3, F = 41, p =0 .000 
 L: KW

 5.20, df = 3, p = 0.004 
 D

: AN
O

VA df = 3, p = 0.395 

LIII 
2936 ± 282  
(N=29) 
^ p = 0.000 

4.6 ± 0.4  
(N=27) 

96 ± 31  
(N=10) 

LV 

1661 ± 420  
(N=29) 
^ p = 0.000 
* p = 0.000 

4.6 ± 0.3   
(N=8) 

110 ± 62  
(N=5) 

LVI 

1141 ± 301  
(N=29) 
^ p = 0.000 
* p = 0.000 

8.2 ± 0.9   
(N=8) 
^ p = 0.000 
* p = 0.000 
“ p = 0.002 

101 ± 31  
(N=5) 

P12-14 LII 5036 ± 312  
(N=32) 

4.1 ± 0.2  
(N=32) 

82 ± 10  
(N=25) 

S: AN
O

VA df = 3, F = 8.79, p = 0.000 
 L: AN

O
VA df = 3, F = 6.03, p = 0.000 

 D
: KW

 8.37, df = 3, p = 0.39 

LIII 
4224 ± 294  
(N=32) 
^ p = 0.042 

3.6 ± 0.3  
(N=32) 

138 ± 19  
(N=22) 
^ p = 0.020 

LV 

5500 ± 442  
(N=32) 
* p = 0.001 
“ p = 0.000 

4.2 ± 0.2  
(N=32) 

111 ± 10  
(N=26) 
^ p = 0.015  

LVI 

3639 ± 327  
(N=32) 
^ p = 0.000 
“ p = 0.000 

5.2 ± 0.2  
(N=32) 
^ p = 0.007 
* p = 0.000 
“ p = 0.011 

96 ± 32  
(N=16) 
^ p = 0.058 

P15-17 LII 3361 ± 174  
(N=29) 

3.9 ± 0.3  
(N=26) 

40 ± 2  
(N=26) 

S: AN
O

VA df = 3, F = 21.2, p = 0.000 
 L: AN

O
VA df = 3, F = 4.36, p = 0.006 

 D
: KW

 26.9, df = 3, p = 0.000 

LIII 
3021 ± 164  
(N=29) 

4.0 ± 0.2 
(N=26) 

80 ± 7  
(N=26) 
^ p = 0.000 

LV 

4593 ± 269  
(N=29) 
^ p = 0.000  
* p = 0.000 

3.6 ± 0.3  
(N=26) 

64 ± 4  
(N=26) 
^ p = 0.000 
* p = 0.033 

LVI 

3061 ± 219 
(N=29) 
“ p = 0.000 

5.1 ± 0.3  
(N=26) 
^ p = 0.008  
* p = 0.017 
“ p = 0.001 
 
 
 
 
 
 

63 ± 5  
(N=26) 
^ p = 0.001 
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P28-30 LII 1890 ± 199  
(N=19) 

5.3 ± 0.4  
(N=14) 

24 ± 4  
(N=12) 

S: AN
O

VA df = 3, 
    F = 6.3, p = 0.001 
L: AN

O
VA df = 3, 

F = 1.5, p = 0.218 
D

: KW
 12.8, df = 3, 

p = 0.005 

LIII 
1609 ± 155  
(N=19) 

4.2 ± 0.3  
(N=14) 

59 ± 8  
(N=11) 
^ p = 0.003 

LV 
2063 ± 201  
(N=19) 
* p = 0.004 

4.2 ± 0.4 
(N=14) 

65 ± 9 (N=10) 
^ p = 0.000 

LVI 

1467 ± 172  
(N=19) 
^ p = 0.007 
“ p = 0.000 

5.0 ± 0.5 
(N=14) 

52 ± 8 (N=10) 
^ p = 0.017 

P59-61 LII 2459 ± 507  
(N=8) 4.1 ± 0.6 (N=8) 34 ± 5 (N=8) 

S: AN
O

VA df = 3, 
 F = 3.83, p = 0.024 

L: AN
O

VA df = 3, 
 F = 0.6, p = 0.603 

D
: KW

 10.6, df = 3, 
 p = 0.014 

LIII 
2128 ± 362  
(N=8) 

4.5 ± 0.8 (N=8) 78 ± 12 (N=8) 
^ p = 0.006 

LV 2355 ± 395  
(N=8) 4.8 ± 1.2 (N=8) 42 ± 8 (N=5) 

LVI 

1613 ± 273  
(N=8) 
^ p = 0.005  
“ p = 0.012 

5.3 ± 0.4 (N=8) 57 ± 6 (N=5) 
^ p = 0.030 

 1187 

Table 5: Properties of VSD imaging signals to parasubicular stimulation. 1188 

The rows of the table represent five different age groups (P9-11, P12-14, P15-17, 1189 

P28-30, and P59-61), and each group has four layers (LII: layer II, LIII: layer III, LV: 1190 

layer V, LVI: layer VI). The last column presents the results of the statistical test used 1191 

to assess the differences between layers. Significance is indicated with ^ and the 1192 

corresponding p value if data were significantly different from LII and with * if 1193 

significant to LIII and with “ to LV. Homogeneity was tested with Levene’s test. If 1194 

assumptions for parametric tests were not met Kruskal-Wallis (KW) followed by 1195 

Mann-U Whitney tests were performed instead. The number of VSD responses 1196 

analyzed is indicated with (N=). The rows represent average parameters of each 1197 

layers of all age groups ± s.e.m. 1198 

Column description. Signal size (S): The integrals of the optical signal curves, which 1199 

indicate the sum of membrane potential changes. Latency (L): measured from the 1200 

beginning of the stimulus artifact to the start of the fluorescent change response. 1201 
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Decay time (D): calculated by fitting a curve from 25ms up to 400ms after the last 1202 

stimulus to the negative slope. 1203 
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 1204 

Layer II P9-11 (N=6) P12-14 
(N=6) 

P15-17 
(N=4) 

P28-30 
(N=6) 

Difference 
between age 
groups 

eEPSP 
amplitude 
(mV) 

2.97 ± 0.63 3.44 ± 1.2 1.85 ± 0.34 1.84 ± 0.41 ANOVA df = 2,  
F = 0.94,  
p = 0.536 

eEPSP 
latency 
(ms) 

5.69 ± 0.31 5.74 ± 0.31 5.98 ± 0.43 5.44 ± 0.43 ANOVA df = 2,  
F = 0.91,  
p = 0.426 

eEPSP 
rise time 
(ms) 

4.85 ± 0.90  7.73 ± 0.95 6.64 ± 1.24 6.62 ± 0.41 
 

ANOVA df = 3,  
F = 2.02,  
p = 0.147 

eEPSP 
decay time 
(ms) 

79.0 ± 11.0 
* p = 0.010 
^ p = 0.002 

60.6 ± 20.5 
^ p = 0.004 

24.1 ± 3.38  14.6 ± 2.41  
 

KW 14.6,  
df = 3,  
p = 0.002 

eEPSP half-
width (s) 

0.73 ± 0.09  
* p = 0.010 
^ p = 0.002 

0.60 ± 0.12 
^ p = 0.002 

0.32 ± 0.02  
 

0.22 ± 0.01  KW 14.0,  
df = 3,  
p = 0.001 

Table 6: Properties of evoked postsynaptic potentials in MEC LII in response to 1205 

parasubicular stimulation.  1206 

The columns of the table represent four different age groups (P9-11, P12-14, P15-17, 1207 

and P28-30) starting at P9-11, when the first indications for stable monosynaptic 1208 

contacts between PaS and LII were found. The number of neurons measured per 1209 

age group is indicated with (N=). Data for each individual neuron entered in the 1210 

analysis are the means of 50 replications for each condition. The last column 1211 

presents the results of the statistical test used to assess the differences between age 1212 

groups. The rows represent average evoked postsynaptic potential parameters of all 1213 

neurons/age group ± s.e.m.. Assumptions for parametric tests were not met for all 1214 

significant values in this table. Therefore Kruskal-Wallis (KW) followed by Mann-1215 

Whitney U tests were performed and Bonferroni correction applied. Significance is 1216 

indicated with ^ and the corresponding p value if data were significantly different from 1217 

age group P28-30 and with * if significantly different from P15-17.  1218 

Row description. Evoked EPSP amplitude: the measured eEPSP amplitude from 1219 

baseline to peak after single PaS stimulation; eEPSP latency: measured from the 1220 

beginning of the artifact until start of the eEPSP; eEPSP rise time and decay time: 1221 
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calculated by fitting a double exponential curve to the eEPSP; Half-width: is the width 1222 

at 50 percent of the amplitude. 1223 
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 1224 

PrS signal size latency (ms) 
decay 
time 
(ms) 

Difference 
between layers 
per age group 

P9-11 
 
 

LII 880 ± 117 (N=37) 6.0 ± 1.1 (N=15) - S: AN
O

VA df = 3, 
 F = 8.12, 
 p = 0.000 

L: KW
 0.77, df = 3, 

 p = 0.508 

LIII 1578 ± 182 (N=37) 
^ p = 0.000 

4.1 ± 0.5  (N=24) 101 ± 19 
(N=9) 

LV 939 ± 171 (N=37) 
* p = 0.000 

4.3 ± 0.6 (N=16) - 

LVI 1144 ± 223 (N=37) 
* p = 0.000 

4.5 ± 0.5  (N=17) - 

P12-14 

LII 1047 ± 96 (N=42) 5.6 ± 0.4 (N=29) - S: KW
 39.2, df = 3, 

 p = 0.000 
L: KW

 3.23, df = 3, 
 p = 0.025 

D
: KW

 2.57, df = 2, 
 p = 0.275 

LIII 2456 ± 137 (N=42) 
^ p = 0.000 

3.8 ± 0.3  (N=42) 
^ p = 0.018 

163 ± 27 
(N=27) 

LV 
3857 ± 312 (N=42) 
^ p = 0.000  
* p = 0.000 

3.6 ± 0.2  (N=39) 
^ p = 0.006 

95 ± 6  
(N=33) 

LVI 
4361 ± 373 (N=42) 
^ p=0.000  
* p=0.000 

3.6 ± 0.2 (N=38) 
^ p=0.009 

126 ± 14 
(N=31) 

P15-17 

LII 699 ± 64 (N=37) 4.7 ± 0.4 (N=21) - S: KW
 103, df = 3, 

 p = 0.000 
L: KW

 1.11, df = 3, 
 p = 0.345 

D
: KW

 3.13, df = 2, 
 p = 0.208 

LIII 1606 ± 121 (N=37) 
^ p = 0.000 

3.7 ± 0.4 (N=32) 120 ± 19 
(N=33) 

LV 
3678 ± 297 (N=37) 
^ p = 0.000  
* p = 0.000 

3.4 ± 0.3 (N=34) 78 ± 6  
(N=29) 

LVI 
3943 ± 282 (N=37) 
^ p = 0.000 
* p = 0.000 

3.0 ± 0.3 (N=34) 89 ± 13 
(N=28) 

P28-30 

LII 466 ± 45 (N=25) 4.5 ± 0.9 (N=11) - S: KW
 58.9, df = 3, 

 p = 0.000 
L: KW

 0.85, df = 3, 
 p = 0.461 

D
: AN

O
VA df = 2, 

 F = 0.072, p = 0.930 

LIII 994 ± 82 (N=25) 
^ p = 0.000 

4.1 ± 0.5 (N=18)  52 ± 12 
(N=10) 

LV 
2018 ± 168 (N=25) 
^ p = 0.000  
* p = 0.000 

3.3 ± 0.4 (N=19)  59 ± 10 
(N=14) 

LVI 
2503 ± 223 (N=25) 
^ p = 0.000 
* p = 0.000 

4.1 ± 0.3 (N=21)  53 ± 10 
(N=18) 

P59-61 

LII 513 ± 155 (N=9) 5.0 ± 0.7 (N=8) - S: AN
O

VA df = 3, 
 F = 25.5, p = 0.000 

L: AN
O

VA df = 3, 
    F = 1.7, p = 0.168 
D

: AN
O

VA df = 2, 
 F = 25.1, p = 0.782 

LIII 926 ± 150 (N=9) 
^ p = 0.022 

5.2 ± 0.9 (N=8) 55 ± 14  
(N=6) 

LV 
1587 ± 213 (N=9) 
^ p = 0.000  
*p = 0.000 

3.8 ± 0.7 (N=8) 70 ± 15  
(N=6) 

LVI 
1835 ± 245 (N=9) 
^ p = 0.000  
*p = 0.000 

3.1 ± 0.5 (N=8) 55 ± 21  
(N=7) 
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Table 7: Properties of VSD imaging signals to presubicular stimulation. 1225 

The rows of the table represent five different age groups (P9-11, P12-14, P15-17, 1226 

P28-30, and P59-61), and each group has four layers (LII: layer II, LIII: layer III, LV: 1227 

layer V, LVI: layer VI). The last column presents the results of the statistical test used 1228 

to assess the differences between layers. Significance is indicated with ^ and the 1229 

corresponding p value if data were significantly different from LII and with * if 1230 

significant to LIII and with “ to LV. 1231 

Homogeneity was tested with Levene’s test. If assumptions for parametric tests were 1232 

not met Kruskal-Wallis (KW) followed by Mann-U Whitney tests were performed 1233 

instead. The number of VSD responses analyzed is indicated with (N=). The rows 1234 

represent average parameters of each layers of all age groups ± s.e.m. 1235 

Column description. See legend Table 5. 1236 



 

 59 

 1237 

Layer III P9-11 
(N=4) 

P12-14 
(N=5) 

P15-17 
(N=5) 

P28-30 
(N=5) 

Difference 
between age 
groups 

eEPSP 
amplitude 
(mV) 

1.03 ± 0.47 1.08 ± 0.42 1.87 ± 0.23 2.96 ± 0.75 ANOVA df = 3,  
F = 0.93,  
p = 0.380 

eEPSP 
latency 
(ms) 

5.90 ± 0.25 5.20 ± 0.27 5.40 ± 0.39 5.44 ± 0.60 ANOVA df = 3,  
F = 1.51,  
p = 0.250 

eEPSP 
rise time 
(ms) 

3.70 ± 0.15 4.50 ± 1.01 4.68 ± 1.10 4.19 ± 0.76 ANOVA df = 3,  
F = 0.25,  
p = 0.855 

eEPSP 
decay 
time (ms) 

357 ± 126 
^ p = 0.008 

113 ± 25.7  390 ± 115 
 

89.3 ± 3.76 KW 8.46,  
df = 3,  
p = 0.037 

eEPSP 
half-width 
(s) 

1.63 ± 0.29  
 

0.88 ± 0.17  
* p = 0.002 

2.48 ± 0.36  
^ p = 0.01 

0.74 ± 0.38 ANOVA df = 3,  
F = 10.1, 
p = 0.010 

 1238 

Table 8: Properties of evoked postsynaptic potentials in MEC LIII in response 1239 

to presubicular stimulation.  1240 

The columns of the table represent four different age groups (P9-11, P12-14, P15-17, 1241 

and P28-30) starting at P9-11, when the first indications for stable monosynaptic 1242 

contacts between PrS and LIII were found. The number of neurons measured per 1243 

age group is indicated with (N=). Data for each individual neuron entered in the 1244 

analysis are the means of 50 replications for each condition. The last column 1245 

presents the results of the statistical test used to assess the differences between age 1246 

groups.  The rows represent average evoked postsynaptic potential parameters of all 1247 

neurons/age group ± s.e.m.. Assumptions for parametric tests were not met for 1248 

decay time values. Therefore Kruskal-Wallis (KW) followed by Mann-Whitney U tests 1249 

were performed and Bonferroni correction applied. Significance is indicated with ^ 1250 

and the corresponding p value if data were significantly different from age group P28-1251 

30 and with a * if data were significantly different from age group P15-17. Row 1252 

description. See legend Table 6.  1253 
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