	Recurrent Connectivity and Development of Layer II Stellate Cells of Medial Entorhinal Cortex

	Master Thesis

	Conducted at the Kavli Institute for System Neuroscience & Centre for the Biology of Memory at the NTNU Trondheim (Norway)

as part of the Research Master’s programme in Cognitive Neuroscience (Neurocognition) at the Radboud University Nijmegen (The Netherlands)


	Student: Julia Dawitz1,2
Supervisors: Menno P. Witter1, Jonathan J. Couey1, Bruce Jenks3

	31/08/2009
1: Kavli Institute for Systems Neuroscience, and Centre for the Biology of Memory, Department of Neuroscience, Norwegian University of Science and Technology, Trondheim, Norway  

2: Department of Social Sciences, Radboud University Nijmegen, The Netherlands

3: Department of Cellular Animal Physiology, Radboud University Nijmegen, The Netherlands 


Corresponding author of thesis: J. Dawitz, Center for Neurogenomics and Cognitive Research(CNCR), VU Amsterdam, J.Dawitz@gmail.com

Abstract
Grid cells, found mainly in layer II of the medial entorhinal cortex, play a major role in spatial representation and navigation. Network models for grid cell firing predict a recurrent network between groups of synchronous firing grid cells. Connectivity data on their presumed neuronal correlates, the layer II stellate cells of the medial entorhinal cortex, is inconsistent. Here we test direct interconnectivity of stellate cells using multi-cell patch clamp. We also study the development of grid cell properties using slices taken from a range of postnatal ages. The Ih‑current, typical for grid cells, was found to become adult like rather abrupt at postnatal day 16 (P16). Stellate cells of layer II showed a sparse recurrent connectivity of about 1%, independent of age. The amplitude however showed a non-significant decreasing trend with age. Until P16 spontaneous high conductance states were observed in all synchronously recorded stellate cells whose appearance was not influenced by age until P16.The detected recurrent connectivity is too sparse to bind simultaneous firing grid cells together, thus we propose that this coupling is realized with the aid of subtreshold oscillations synchronized by a common inhibitory input instead. Since the Ih-current is required for those oscillations, grid cells are not expected to be present before P16. We propose that the high conductance states are EPSPs evoked by up-states in layer V. They however remain poorly understood and have to be further investigated in future. 
Keywords: 
Introduction

The architecture of the hippocampus is remarkably simple and strictly organized. This well-described anatomy has led to the hippocampal system becoming a model from which to infer both general principles of cortical function6,7, as well as the relationship between certain behaviors and their underlying neuronal mechanisms. The involvement of the hippocampus in temporal lobe epilepsy (TLE) has been well known for more than 60 years. Famously, the lobotomy of both hippocampi to treat the severe epilepsy in the well known patient HM revealed the role of the hippocampus in declarative memory formation in the 60s8. An enormous body of work followed, confirming and clarifying the hippocampus’ critical role for declarative memory. In vivo recordings of neurons in freely behaving rats in a 2D-environment led to the discovery of a special type of cell that seemed to represent space, in the CA1 region of the hippocampus, now widely known as “place cells”9. Place cells characteristically fire at a certain spatial location within an environment, resulting in an internal representation of every environment within the hippocampal network. This led to the hypothesis that the hippocampus could, within the context of declarative memory, be the brain region used by mammals for spatial representation and navigation (see Moser and Moser, 200810 for a review). 

The firing fields of CA1 place cells remain stable between recording sessions, but even minor changes of external cues and thus the context of the recordings, leads to global remapping
  of the recorded place fields in CA1


11-14 ADDIN EN.CITE . The huge amount of computational power that this local remapping in the hippocampus itself would require initiated the search for another brain region that delivers (part of) the necessary spatial information. The entorhinal cortex (EC) is only one synapse away from the hippocampus and sends strong projections to the dentate gyrus, CA1, and CA3 regions, yet no spatially modulated cells were found in EC in early recordings (see Moser and Moser, 200810 for a review). In 200415, what are today known as “grid cells” were first described in EC.  In line with the known anatomy and function of CA1, this study chose to record from cells in the more dorsolateral part of the so-called medial entorhinal cortex (MEC) which is known to be connected to the dorsal one-third of the CA1 region of the hippocampus, a particular region of CA1 that was known to have distinct place cells when recorded in small laboratory environments. The spatially tuned MEC cells described in this study characteristically fire at the intersections of a hexagonal grid with a triangle as its basic shape. In addition, the spacing between the firing fields of grid cells varies topographically over the MEC and neighboring grid cells have a similar spacing but different orientation. A network of grid cells could make it possible for the animal to compute its exact position in space in the absence of external landmarks. Over the years various additional cell types that carry information regarding space and orientation have been described in in vivo recordings within the hippocampal system,
  including head direction cells16,17, conjunctive cells18, and the recently found border cells19. Because the emergence of these different firing properties occurs within such an anatomically well-described system, the hippocampal system provides a unique opportunity to describe how the brain organizes and processes higher order sensory information at a cellular microcircuit-level. This could ultimately lead to a comprehensive understanding of how spatial information is used within the realm of declarative memories10. 

The striking uniformity in the geometry of grid cell firing fields has sparked the field of computational modeling to offer several hypotheses regarding the emergence of grid cells. Currently, there are two main categories of models explaining grid cell firing: Intracellular (or single cell) models and network (multiple cells) models. Many of the single cell models are based on the idea of the oscillatory interference model20, which proposes that interference between membrane potential oscillations, modulated by running speed, results in individual grid cell firing. Many multicell or network models are based on continuous attractor-dynamic models21,22 which suggest that grid cell properties are a result of a variety of stable network states. Several predictions emerge from both model types, and while many of the predictions made by the intracellular models have been derived from experiments20,23, predictions made by the attractor-dynamic models are up to this point less straight forward to investigate experimentally. Network models attempt to account for what we know about the various types of spatial information present in MEC, but assume connectivity patterns which have yet to be verified. These models are based on specific interlaminar excitatory and inhibitory connections, and one of the key predictions of continuous attractor models for grid cells is that the cells forming a group of simultaneously firing grid cells should be interconnected via a recurrent excitatory network24. In these models, it is recurrent excitation between a subset of neurons that results in coherent activation and that such activity takes place in a confined subset of grid cells that possess the same firing nodes. Both models are built around grid cells of layer II in the entorhinal cortex. The cellular correlate of the grid cell network in layer II of the EC has yet to be described but anatomical and electro​physiological studies suggest stellate cells of MEC layer II as a good candidate. During recordings in layer II of the MEC, all spatially modulated cells that were found could be characterized as grid cells. No head direction or conjunctive cells have been reported25. The firing properties of grid cells indicate that they are principal neurons, not interneurons15. Since the most abundant principal cell type in layer II is by far stellate cells, it is suggested that they are the in vitro correlates of what is called a grid cell in vivo.

Layer II of the medial entorhinal cortex is the outermost densely packed cell layer. Overall, layer II contains fairly large cells what distinguishes it from neighboring cortices except from the parasubiculum which possesses as large or even larger cells that however stain less dark with Nissl stain. In addition to the large variety of interneurons that have been described26 two types of principal neurons can be differentiated in layer II of MEC, stellate cells and modified pyramidal cells27,28. Stellate cells are mostly located in the superficial to middle part of the layer. The morphological properties that help to identify stellate cells in in vitro slices with the aid of a light microscope with relatively low magnification are their large soma and variable multipolar morphology. Definite morphological identification with the aid of higher magnification and cell fillings is based on the spiny dendritic tree that is made up of from four to eight primary dendrites with wide branches (superficial dendrite-branches more extensive than basal). The dendritic tree can cover half of the mediolateral extent of the medial entorhinal cortex and is restricted to layer I, II and III. Apical dendrites are directed to the pial surface where they make a turn and run parallel to it. By comparison with the pyramidal like cells of layer II, the mediolateral spread of the dendrites of stellates is more than twice as broad and the spine morphology is much more complex. 

Most stellate cells are excitatory, possessing glutamate as their main neurotransmitter29. Next to the morpho-logical differences just described, the layers of the medial entorhinal cortex and the different cell types of each layer can also be distinguished electrophy-siologically. In contrast to layer III, cells in layer II show a robust time dependent inward rectification30. Time dependent inward rectification means that neurons in layer II show an early peak in response to hyperpolarization and than a slow and robust decay (sag) to a depolarized level. This feature is dependent on the hyperpolarization activated nonspecific cation current Ih and is absent or minimally expressed by layer III neurons31. Next to these layer differences the ability to express time dependent inward rectification also varies for the different cell types in layer II. Stellate cells display a robust and pronounced time depended inward rectification whereas the pyramidal like cells in the same layer possess a less pronounced one. This pronounced Ih-current together with a low threshold persistent NA+-current (INaP) makes the stellate cells capable of subtreshold membrane-potential oscillations in theta-frequency30. Furthermore, stellate cells show a threshold current-step depolarization dependent early firing response, whereas pyramidal like neurons respond after a delay 4. Finally, stellate cells show a stronger spike frequency adaptation, a larger amplitude, and a longer lasting slow after hyperpolarization (sAHP) than pyramidal-like cells32.  Understanding how grid cell properties emerge within the EC and how they pass their information on will depend on our understanding of the global connectivity and local synaptic architecture and physiological properties of the EC network. A vast majority of the latter two features remains undescribed, whereas about global connectivity of the potential neuronal correlates, the stellate cells in layer II of the MEC, much more is known. There are some obvious global input and output sources likely or proven to be relevant for stellate cells of the medial entorhinal cortex. Strong and rather selective input to layer II of the MEC originates in the parasubiculum33. Two additional inputs that as yet have received less attention originate in the presubiculum34 and the postrhinal cortex35,36. The main-axons of stellates leave via the deep layers and the white matter, joining the perforant pathway. There are three collaterals that branch off in the angular bundle and reach, via the subiculum where they give off a branch, their main targets in the dentate gyrus and CA3. There they synapse in the molecular layer 32,37. Far less is known about the interlaminar and local synaptic architecture in the MEC. However, there are clear predictions made by various network computer models regarding interlaminar excitatory and inhibitory connections and a recurrent network of cells that underlie grid cell firing24. Collaterals from cells in the deep layers that receive input from the hippocampus innervate neurons in superficial layers of the entorhinal cortex38. Occasionally, collaterals from stellate cell axons to layer III to VI can be seen, suggesting the existence of a substrate mediating radial information flow from superficial to deep layers, in addition to the commonly accepted deep to superficial connectivity32,39. Thus interlaminar connectivity has been shown. Local excitatory stimulation, with the use of photostimulation, evokes large IPSPs in stellate cells, indicating strong inhibitory interneuron innervations of stellate cells 


40-42 ADDIN EN.CITE . As predicted and required by continuous attractor models an inhibitory network is thus also present in MEC, but regarding recurrent excitatory connectivity, inconsistent data has been reported so far.

Anatomical studies in both rats32 and monkeys43 convincingly show that stellate cells in layer II issue axon collaterals that distribute throughout layer II, as well as adjacent portions of layers I and III. In the rat these axons remain rather close to the soma such that the axonal plexus of a particular cell colocalizes largely with its dendritic tree. A recurrent excitatory network between stellate cells has concordantly been proposed based on those anatomical studies. Despite the anatomical indications of stellate cell interconnectivity within layer II, Dhillon and Jones (2000) failed to detect such recurrent connections with the aid of paired intracellular recordings of stellate cells even though they were successful in demonstrating neuronal communication between principal cells in layer III and V. However, electrophysiological evidence is obligatory to prove functionality of a connection. The authors thus concluded that functional recurrent excitatory connections within layer II principal cells are at least uncommon or even not existent44. 

Another attempt to prove a recurrent network within layer II of the MEC was done with the aid of current-source density analysis45. In the in vitro isolated guinea pig brain preparation, field potential laminar profiles were recorded. Analysis revealed an early local response, extending approximately 1mm, to local stimulation within layer II. This response was fast enough (<10ms) to be potentially monosynaptic. However three critical points have to be mentioned. First, the study was performed in the guinea pig. Recurrent connectivity found in the guinea pig not necessarily implies the same findings for the rat even though they are relatively close related. Second, the recorded responses could also originate from pyramidal-pyramidal or pyramidal-stellate connections since neither stimulation nor recording was limited to stellate cells. And last, the response is faster than 10 ms. It is still conceivable that a disynaptic response is recorded. More recently, Kumar and colleagues 41 tried to gather more convincing evidence for a recurrent excitatory network between stellate cells of layer II of MEC by using photostimulation via photo-uncaging of glutamate combined with intracellular recordings. In their experiments in rats these authors found that stimulation in layer II results in direct, synaptic and mixed responses in stellate cells. These responses could be found 500 µm mediolaterally with a decrease in strength with distance. This finding either indicates a restricted local axonal distribution but may also result from axon amputation. The synaptic responses could be evoked by inter-stellate connections but also by neurons from deeper layers that have dendrites in layer II and project back to stellate cells. To rule out the latter possibility it was tested whether glutamate uncaging of the apical dendrites in layer II could evoke spikes in layer III pyramidal cells that in turn could activate stellate cells. Uncaging of glutamate next to the soma of pyramidal cells resulted in spiking whereas uncaging of glutamate at the dendritic tree in layer II evoked no measurable response in layer III pyramidal cells. So the authors concluded that the synaptic response in stellate cells could not be evoked by cells from deeper layers but that the synaptic responses, evoked in 19±2% of the photostimulations, are due to a recurrent network of stellate cells in layer II. This is in line with the anatomical evidence and Biella’s findings and opposes Dhillon and Jones’ work. Nevertheless it can be argued that uncaging with a one-photon laser has no single cell resolution so that only “connections between a particular territory and a recorded neuron” can be substantiated 46. Furthermore, no data is given about the possibility that principal cells from layers V and VI activate stellate cells after their dendrites in layer II have been excited. Altogether it is not yet possible to conclude whether there are indeed direct connections between stellate cells in layer II of MEC. 
In another study done in our lab data derived from clusters of stellate cells were correlated with in vivo developmental findings concerning grid cells. These in vivo data suggest (Langston et al, in revision?) that grid cells are already present during first exploration of the environment in 2 ½-week old pre-weaning pubs, but the observed pattern is not yet like that of the adult. Less grid cells are found and the grids are not as regular as in adults yet. During development the grid pattern becomes more stable and presumably so does the spatial representation. The authors propose that while much of the network is genetically predefined, grid cells seem to be at least partially shaped by experience. From the age of 16 till 30 days, the increase in grid cell number and quality is shown to be accompanied by an increase in synchronous inhibitory network activity between unconnected layer II stellate cells in the MEC. However, it is still not clear which parts of this network develop postnatally before the first exploratory experiences of the newborn, since no in vivo and in vitro recordings of grid and stellate cells respectively, have been made before postnatal day 16. 

The present study addresses two issues. First, we aim to test the prediction derived from continuous attractor modeling that the cells underlying grid cell firing, i.e. the stellate cells, are interconnected. To this end we will study the connectivity between stellate cells in slices using in vitro electrophysiological methods. Slices will be taken from a range of postnatal stages and this approach will also increase our understanding of the emergence of grid cell properties during development. 
Material and Methods

Slice preparation.  26 Long-Evans and 4 Sprague-Dawley rats (16 female) with ages ranging from postnatal day 10 (P10) to P26 (see Table 1) were used to test direct interconnectivity between stellate cells. Out of those, 12 animals (p10-p16, 2 per age) were included for the analysis of HCSs (see below).  Horizontal and sagittal entorhinal cortex slices (400 μm) were prepared in accordance with Norwegian regulations.  Animals were deeply anesthetized with isufluorene and rapidly decapitated.  Brain slices were prepared in ice-cold cutting solution composed of (mM): 110 choline chloride, 25 NaHCO3, 25 D-glucose, 11.6 sodium ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl247. Slices were then transferred to a heated holding chamber (34ºC) in which they were stored submerged in an elevated magnesium artificial cerebral spinal fluid (aCSF) containing (in mM): 125 NaCl; 3 KCl; 1.25 NaH2PO4; 3.5 MgSO4; 1 CaCl2; 26 NaHCO3; 10 glucose, bubbled with carbogen gas (95% O2/ 5% CO2).  After approximately one hour, slices were allowed to recover to room temperature for an additional 45 minutes before recording.

Table 1: Overview about the number of animals separated by age

	Age 
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	sum

	#animals
	2
	2
	3
	4
	2
	2
	3
	2
	2
	2
	1
	2
	1
	0
	2
	2
	1
	33


Whole-cell recording.  Multiple whole cell recordings were made as described previously48 using a standard intracellular solution containing (in mM):  K-gluconate 120; KCl 10; HEPES 10; K-phosphocreatine 10; ATP-Mg 4; GTP 0.4, pH 7.2-7.3, pH adjusted to 7.3 with KOH; 270-285 mOsm. Biocytin (3-5mg/ml) was included in the pipette as to intracellularly fill neurons for later anatomical verification of cell location and morphology.  All recordings were done at 34ºC in normal aCSF (1.5 mM MgSO4 and 1.6 mM CaCl2).  Layer II stellate cells in the MEC were first visualized using infrared differential interference contrast microscopy.  Groups of stellate cells deeper than 100μm were visually identified, and four neighboring cells were targeted for whole cell patch.  All cells were first maintained in the “on cell” configuration until all contacts had achieved a +1Gohm resistance.  The entire cluster was then opened to whole cell configuration. After the whole cell configuration was established in all cells, recorded responses to steps of current injection were applied to electrophysiologically verify each cell as a putative stellate cell.  To characterize any connectivity present, each individual stellate cell was sequentially stimulated at 5 s intervals with a train of 10 subsequent stimuli at frequency of 10Hz, 20Hz, and 40Hz, or a 15 stimuli train at 70Hz, while simultaneously recording the membrane potential in the other three stellate cells. This cycle of stimulation was repeated up to 30 times, and the resulting traces were averaged to identify any direct connections. If present the amplitude of the EPSPs was measured using Igor Pro from Wavemetrics (referred to as Igor). Between each cycle of stimulation, we recorded the spontaneous membrane potential of all four cells to sample any spontaneous network activity.  After recording, slices were stored in fixative (4% paraformaldehyde) for at least 24 hours before further processing.
Recording pipettes were prepared using borosilicate glass capillaries (outer diameter 1.5 mm, inner diameter 0.86 mm, Harvard Apparatus LTD) and a Flaming/Brown micropipette puller (Model P-87, Suffer Instruments CO). Pipettes were typically between 4-7Mohms.  Recordings were made using Axon Multiclamp amplifiers (Axon Instruments, CA, USA) sampling at intervals of 100 μs (10kHz), digitized using an ITC-1600 A/D interface (Instrutech) in combination with custom acquisition software written by Funetics (Lausanne, CH) for Igor (v6.0.4.0; Lake Oswego, OR, USA). This same software was also used to control whole cell current injection (both timing and levels). Series resistance was monitored and not compensated.  Recordings where the series resistance exceeded 15Mohms were discarded. 

Analysis of high conductance states (HCS). Data analysis was done offline using Igor, MatLab, Excel (Microsoft) and SPSS. We initially implemented an analysis used to study up-states in layer III of MEC49. This analysis rests in the assumption that during an up-state, activity increases and thus the running standard deviation (SD) of a trace increases, too (see supplementary figure). Thus an increase of SD was used as a marker for up-states. For HCSs the same rational seems to hold true, but compared to the data acquired by Mann et al44, our traces are much more active at baseline, HCSs show a variety of lengths and they hardly ever have spiking activity. This leads to a higher average running SD and a less pronounced increase in SD during a HCS compared to what is seen for up-states in layer III. Short HCSs are potentially missed since their influence on the running SD is too short. Furthermore some of our traces show HCSs of every long duration, so that the mean, used to calculate the SD is relatively high compared to the not-HCSs. To decrease the weight the HCSs have on the SD we used the median instead of the mean. Additionally we decreased the threshold SD level to 0.5 SD to be able to detect all the not spiking HCSs as well and finally we used a shorter window of 50 ms to prevent missing the short HCSs. However, this short window was of course also more sensitive for short decreases in SD during a HCS what caused various short breaks especially in the longer HCSs. Therefore we merged all detected HCSs that were less than 1000 ms apart to one continuous HCS. Thus for analysis, first data was exported from Igor to MatLab. The data was then high pass filtered to base the selection changes in SD caused by activity alone and the running standard deviation (SD) was computed. High conductance states were defined as periods longer than 50 ms with a noise-level more than 0.5 SD over the mean noise-level. HCS that were less than 1000 ms separated from each other were merged into one continuous HCS. 

Duration of the HCS, their on- and their off-sets were imported into excel and the relative amount of HCSs a neuron shared with another simultaneously recorded neuron was computed. A possible correlation between age and the amount of shared activity was computed using SPSS.

Histology. Slices were first removed from fixative and washed 3 x 10 minutes in 0.2M Phosphate buffer (PB, pH 7.4). They were then incubated in 1% H2O2 diluted in PB for 10 minutes to block intrinsic peroxidase activity. Cell membranes permeablized by washing 3 x 10 minutes in Tris-buffered saline with 0.5% Triton X-100, pH 7.6 (TBS-TX). TBS-TX removes lipids from the membranes. Slices were then incubated with the VECTASTAIN® ABC kits (Vector Laboratories, INC.) according to the suggested protocol. 24-48 hours later, slices were washed 3 x 10 minutes in PB and stained with DAB solution until the staining was visible (usually around 2-3 minutes). DAB solution was made by diluting a SIGMAFAST™ 3,3’-Diaminobenzidine tablet (Sigma-AldrichBiotechnology LP and Sigma-Aldrich Co.) in 11.5ml PB and 3.3µl 30%-H2O2. During preparation, the DAB solution was warmed to ~50 degrees for 30 minutes before use to assure that the reagent completely dissolved.  Following DAB staining, slices were washed 10 minutes with PB and 2 x 15 minutes in TRIS-HCl (pH 7.6). To mount each specimen, they were transferred sequentially into 25%, 50%, 75% and 100% Glycerol (10 minutes per concentration) and mounted in 100% glycerol for later morphological analysis. 
Results

Whole-cell current-clamp recordings of layer II cells were performed in sagittal (32) and horizontal (27) slices. In total 144 stellate cells were identified using current steps of +/- 200 pA. A pronounced Ih current in response to -200 pA combined with early firing responses to the near threshold stimulation of +200 pA were used for identification (Figure 1)30. The Ih-current is adult like from about P16 (Figure 1C). Before P16 the pronounced ‘bump’ that sometimes reaches threshold and results in spiking caused by Ih following hyperpolarization is absent/less pronounced. The emergence of a clearly defined Ih-current at P16 is rather abrupt. In contrast, an early firing response to depolarization with 200 pA can be clearly seen in all recorded ages (Figure 1B). No pharmacological experiments to identify the nature of the change have been performed. 
The 144 identified stellate cells were part of clusters from two to four simultaneously recorded stellate cells. In a cluster of four stellate cells they could potentially establish 12 connections because connectivity is bidirectional so that every cell potentially can make contact to three other cells. For three cells there are six potential connections, for two cells there are two. Altogether the 144 stellate cells could potentially establish 234 connections. Of those 234 potential connections 102 were in horizontal and 132 in sagittal slices. We could identify four connections (supplementary figure 1), whereof three were found in horizontal slices and one in a sagittal slice. This adds to a recurrent connectivity of ~1.7% between stellate cells of MEC layer II. 

Age could not be shown to influence the number of observed connections. We observed a non significant trend in the amplitude of the connections (see Table 2). Whereas the postsynaptic response at P10 showed an amplitude comparable to that reported for adult inter-pyramidal connections in the neocortex (~1.5, 2, 2.7, 4 mV for 10,20,40,70 Hz)50 the size of the amplitudes of the postsynaptic responses decreases with age dramatically to 0.2, 0.3, 0.4, 0.4 mV for 10, 20, 40 and 70 Hz respectively at P17. For 10 Hz stimulations of the presynaptic neuron ten individual peaks of postsynaptic EPSPs can be observed (see dots in Figure 2B). For 20 Hz the individual peaks start to merge and for 40 and 70 Hz the clear triangle shape of a depressing synapse is seen that is common for principal cell connections. 
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Figure 1: Development of Ih current. (A) Depolarizing (i) and hyperpolarizing (ii) current pulses of 200pA that are injected to identify stellate cells. (B) Early firing responses of stellate cells to the depolarizing pulse at P10, P14 and P16 (green, red and blue respectively, colors match with C). (C) Overlaid responses of stellate cells to hyperpolarizing current pulses. Vertical scale bars represent 100pA in A and 10mV in B and C, horizontal scale bars represent 0.2 seconds.
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Figure 2: Example of one of the sparse recurrent connections between stellate cells. (A) Single example traces of (i) 10, (ii) 20, (iii) 40 and (iv) 70 Hz presynaptic stimulation (green) and the corresponding postsynaptic EPSPs (blue) of a pair of connected cells (P16). (B) Averaged pre (i) and postsynaptic (ii) traces of the same connection. Highlighted in yellow in (ii) are the periods of presynaptic stimulation. Colored dots mark the individual responses to the 10 Hz stimulation. (C) Number of tested connections (blue) and number of detected connections (red) separated by age. Horizontal axis in A and B represent time in seconds, vertical axis are in mV. The x-axis in C represents age in postnatal days and the y-axis is the number of connections. 
Next to the stimulation protocol used to identify connections between the different cells between each round a thirty second trace of spontaneous membrane potential changes without any stimulation was recorded, initially to get some idea about the global inhibition of layer II stellate cells


42,51-53 ADDIN EN.CITE . Visual inspection of the recorded traces revealed periods with strongly increased activity. Since nothing is known about their origin or physiological relevance they will be called high conductance states (HCSs). HCSs seem to appear regularly during recordings and often appear biphasic. The frequency was however very variable between clusters of recorded neurons. HCSs seemed to appear in all simultaneous recorded traces synchronously in pre-weaning pubs from P10 to P16 (supplementary figure 2). After P16 no such events were observed anymore. Work previously done in our lab53 showed an increase in correlated inhibitory events from P16 onwards, but in line with the present data no strong HCSs were reported. [image: image11.png]100
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The variability of the duration of those states and the number of detected states per trace was very high ranging from 50 ms to 15265 ms. The frequency of those states that could be identified as described in the methods ranged from 1 per trace of 30 seconds (0.03 Hz) to 17 per trace (0.6 Hz). On average however no correlation between HCS frequency or HCS duration and animal age could be established (Figure 4C). 

Table 2: Maximum amplitude and number of observations of postsynaptic neurons after stimulation.

	Age/Frequency of stimulation (n-number)
	10 Hz
	20 Hz
	40 Hz
	70 Hz

	p10
	1.5 mV (16)
	2 mV (16)
	2.7 mV (16)
	4 mV (16)

	p11
	0.8 mV (16)
	0.5 mV (18)
	1.3 mV (17)
	1 mV (16)

	p16
	0.8 mV (14)
	0.6 mV (16)
	0.8 mV (16)
	0.8 mV (16)

	p17
	0.2 mV (22)
	0.3 mV (22)
	0.4 mV (22)
	0.4 mV (22)

	p21

	0.2 mV (30)
	0.2 mV (30)
	0.3 mV (30)
	0.4 mV (30)


The relative amount of time a trace was synchronously in HCS with another simultaneously recorded trace is plotted in Figure 4 B. From P10 to P14 the average amount of overlapping HCSs was around 40% with an outlier at P13 (76.6%) and is lower for P15 and P16 (24.4% and 23.7% respectively). At P17 it drops below 10%. The spread of overlapping activity is enormous. For example a range from 4.1 to 99.1 % can be seen in P12. The average SD for all traces is 22%. No clear trend in in- or decreasing synchrony of HDC events with age is obvious.
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Figure 4: High conductance states in developing pre-weaning pubs. (A) Two representative 30 second traces of synchronously recorded stellate cells in layer II of the MEC. Horizontal scale bars indicate 5 seconds, vertical scale bars indicate 10 mV. (i) Four simultaneously recorded neurons of a P11 LE-pub that show synchronous HCSs at visual inspection. Whereas the first (green) and the second (blue) channel consistently seem to have pronounced synchronous HCSs the third (black) and especially the fourth (red) channel show less pronounced HCSs. In the second trace some HCSs cause the cell to spike. (ii) Three neurons recorded in a P13 pre-weaning pub that show short duration HCSs. No spikes can be observed. All high amplitude events are observed in all channels, the smaller ones (see arrows) are less consistent between channels. (B) Scatter plot of the relative overlap of HCSs of every cell with every other for P10 until P17. In blue the individual amounts of overlap grouped by age are given to illustrate the spread. In red the average overlap at a given age is shown. (C) (i) The average number of HCSs per trace and age group for P10 to P16. (ii) The average duration of HCSs per age group (P10-16). The horizontal axis in B and C represent age in postnatal days. The vertical axis in B shows the relative overlap of HCSs in %. The vertical axis in B i represents the average number of HCSs per trace, in ii the average HCS duration in ms. 
Discussion

Development of the Ih-current. To distinguish layer II stellate cells of MEC, from neighboring non-stellate principal cells, early spikes in response to depolarizing current steps and a pronounced Ih-current3,30 are used. During cell identification it became obvious that the Ih-current was not adult like yet in the pre-weaning pubs until P16. Earlier it has been reported that the Ih-current is adult-like enough to play its role in subtreshold oscillations from P14 but then gradually reaches its adult kinetics until about three weeks of age54. We observe the Ih-current in an adult-like way two days later and we see a rather abrupt change at P16 rather than a gradual development to an adult level. The change in the appearance of this current can be explained by several mechanisms of which none has been tested yet. First it is possible that the channels that underlie the Ih-current are not on their final place in the stellate cell until P16 as described for the Na+, K+, 2Cl- co-transporter in the hippocampus55. However, migration of channels might result in a more gradual change in Ih-current- appearance than observed. Another possibility is that a certain subunit of the underlying channels that is critical for the characteristic shape is not available before this age or that the channels are not incorporated into the membrane yet. For both latter scenarios a relative fast change in Ih-current-appearance can be imagined but there is no proof for either one. 
The Ih-current together with a persistent sodium current forms the basis of synchronous intrinsic subtreshold oscillations  of the membrane potential that are characteristic for stellate cells in MEC, layer II. Those oscillations occur when the cell is depolarized positive to -60mV. They have a frequency of around 8 Hz, the frequency referred to as theta-rhythm3. Without the Ih-current no subtreshold oscillations in stellate cells are conceivable. These subtreshold oscillations are a critical aspect of the oscillation interference model for grid cell firing. If this model is correct, our data suggest that no grid cells can be present before P16 because the Ih-current is not present. Our data also showed that Ih-current is adult like from P16 what opposes the development of stability of grid cells reported earlier53. However the data reported earlier about development of Ih-current supports that grid cells appear together with the Ih-current at P14 and develop until about P20 as does the Ih-current. This is supported by the in vivo data53. But the Ih-current is reported to have much less influence on subtreshold oscillations than its opponent the persistent sodium current. For the oscillations to be almost adult-like only the Ih-current needs to be present. Thus a development in Ih-current might not be reflected in subtreshold-oscillation appearance and thus have no big influence on how stable grid cells are. Presents of Ih-current is thus a necessary requirement for grid cell firing if the oscillation interference models are true but the stabilization of grid cells reported from P16 to P2053 most likely cannot be explained with a development of Ih-current. The persistent sodium current is a more probable candidate to cause the development of grid cell stability as suggested earlier54.
Until now no in vivo recordings in pubs younger than P16 have been reported. A coincidence of grid cell appearance in in vivo experiments and the emergence of Ih-current observed in vitro would further strengthen the computational models. In future those in vivo recordings have to be done to on the one hand strengthen or disprove one of the computational models and in case of the former to further strengthen the view that stellate cells are the neuronal correlates to what is referred to as grid cells in in vivo experiments. Furthermore several pharmacological and histological experiments have to be conducted to disentangle the mechanism of Ih-current-emergence. 

Recurrent interconnectivity of stellate cells. This study has been set up to disentangle whether stellate cells of the entorhinal cortex are interconnected as suggested by anatomical data32,43 and electrophysiological data41,45. In contrast to the negative findings of Dhillon and Jones44 that also used simultaneous patch clamp recordings of stellate cells we could demonstrate that there is some recurrent interconnectivity between neighboring stellate cells. In our sample of 510 tested connections 5 stellate to stellate connections (0.98%) were found. However this connectivity is quite sparse. In layer III of MEC a recurrent connectivity between principal cells of around 9% has been reported and in layer V it was about 12%44. In layer II of the barrel cortex an interconnectivity of 9.3% between principal cells was demonstrated and in layer IV the recurrent connectivity was as high as 24.3%50. The low percentage of stellate cell interconnectivity as reported here might explain why the recurrent connectivity had been missed in the first patch-clamp study. An alternative explanation could be the low amplitude of most of the connections. During online visual inspection most of the reported connections were not obvious and they only stand out when averaging a number of traces. Furthermore, conclusive detection of a connection was usually only possible using the averaged postsynaptic EPSPs evoked by the higher presynaptic frequency trains (40 and 70 Hz) with their typical triangle shape and their higher amplitude compared to lower presynaptic frequencies. Dhillon and Jones however used the EPSPs  of the postsynaptic cell evoked by single spikes that were triggered by a continuous depolarizing current in the presynaptic neuron. The small amplitude EPSPs that follow small excitations could have been easily missed. Another difference between this study and the Dhillon and Jones study is the age of the animals that were used. We used animals that were 10 to 26 days old, whereas 120 to 150 g male Wistar rats were used in Dhillon and Jones’ study which correspond to an age of roughly 30 to 50 days56. It is well known that younger animals are less sensitive to hypoxia and therefore slice quality is usually better in case of younger animals. Own unpublished pilots showed that the quality of layer II stellate cells of MEC was quite poor even though deeper layers and other areas showed an acceptable health during microscopic inspection. This indicates that stellate cells, because of their big cell body size and their exposed location in the upper layers, are more susceptible to all kinds of damage resulting from dissection and slicing. Sodium free slice medium (see methods) helped to keep the stellate cells alive. Nevertheless we saw a strong decrease in slice quality in older animals. In animals with an age of 30 to 50 days the number of healthy and alive stellate cells could have been so low that together with the low overall connectivity between stellates the chance of finding a connection starts to tend to zero if our observations can be generalized. But the use of young animals has some caveats, too. Rats between P10 and P26 can at the best be called young adult and are thus still developing. Even though slice quality is better and thus connections within the slice are thought to be better preserved, it is possible that connections are established at a later point during development or connections that get pruned later in  development are still intact. This could lead to an over- or underestimation of measured connectivity. To be able to rule out a possible influence of development, we used a wide developmental range of animals, from the age of 10 days, when the animals are still pubs, with closed eyes and little exploratory behavior over P16 when the first grid cells are reported in in vivo recordings53 until P26 when the animals are already weaned and sexually adult. As reported, age makes no significant difference for the number of observed connections. This lead to the conclusion that the connectivity within the recurrent stellate cell network does not change significantly after P10. It is however possible that with older age the strength of the connections represented by the postsynaptic EPSP decreases. To verify this trend  we saw in the amplitudes of our 5 detected connections more data is required. 
The low recurrent connectivity that we found is not in line with data from Kumar and colleagues41, either (see Table 3 for an overview about reported recurrent connectivity in layer II of MEC). In contrast to a connectivity of almost 20% they reported based on their photostimulation study we could not demonstrate more than 1% of recurrent connectivity. This high connectivity is might be caused by unspecific activation of pyramidal like cells caused by the lack of single cell resolution of one-photon uncaging. Pyramidal like cells are the second principal cell type in layer II. They could potentially be connected to stellate cells and evoke the EPSPs reported earlier.  

Table 3: Reported recurrent connectivity of layer II stellate cells of MEC

	Study
	Dhillon and Jones
	Kumar etal
	Biella etal
	Own data

	Recurrent connectivity
	0%
	19 ± 2%
	Present, but no quantification
	About 1%


The connectivity of 0.98% was measured in neighboring or close by stellate cells. No studies about longer and long range recurrent connectivity between stellate cells in the MEC are done, yet, but the reported recurrent interconnectivity in Biella and colleagues’ and Klink and Alonsos’ study and Kumar and colleagues’’ study
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32,41,45
 are also found in relatively close proximity to the stimulation site (e.g. approximately 1mm in Biella’s study). All data thus seem to converge onto sparse interconnectivity between neighboring stellate cells, which is in line with reported axonal distribution of layer II stellate cells28,32. It cannot yet be excluded however that a recurrent network between stellate cells exists, mediated by as yet not reported long range connections.

As stated, recurrent connectivity between stellate cells is a necessary requirement for network models of grid cell firing. However, before rejecting the network models because of the failure to detect strong enough recurrent connectivity another possible way of connectivity between stellate cells, should be considered. It is known that layer II of MEC contains many interneurons. The intrinsic subtreshold oscillations are possibly synchronized by a common inhibitory input4. Although interconnectivity between stellates and interneurons has not been assessed systematically yet, own unpublished observations suggest a strong interconnection between fast-spiking cells and neighboring stellate cells. A fast-spiking cell or another inhibitory interneuron could thus couple a group of stellate cells together by providing synchronous inhibitory input.

High conductance states in pre-weaning pubs. The variability between detected HCSs in different traces was high. Large differences in HCS duration were present between the different clusters.  Also the amplitude of HCSs varied between traces of one cluster as well as between different clusters. There are several possible explanations for these differences. Because HCSs appear to be a network event they are potentially very sensitive to slice quality. Variations in amplitude are most likely at least partly caused by slight differences in the number of living cells. Those differences could determine whether or not a HCS reaches spike-threshold. The same holds true for the number of intact connections between all living cells in the network. If connections between excitatory cells are slightly decreased spiking might be prevented, whereas if inhibitory connections are damaged, the opposite holds true. In both cases the event might convey less well through the slice or it may lose a sharp on- and offset. Also, the connectivity with a potential input-structure where the HCSs are generated can differ. Connecting fiber bundles are potentially cut or damaged, or parts of the input structure might not be in the slice. Differences in network activity and thus in HCS appearance can also be caused by a different oxygenation as described in the hippocampus57. Even the ACSF used to perfuse the slice was continuously bubbled with carbogen gas we did not control directly for the oxygenation level. Slight changes between days or between clusters are thus possible. Next to the variability between slices the variability of amplitude within simultaneous recorded cells in the same slice can also be explained. Much of the differences potentially originate from small variations in for example input resistances that can cause big changes in the rising speed and the amplitude of a HCS. To quantify simultaneously recorded HCSs in more detail probably more strict criteria for input resistance have to be chosen to acquire traces that are better comparable.
Of major interest is also the question what HCSs actually are. HCSs share some features with up-states what raises the idea that the HCSs observed in layer II of MEC could be up-states, too. Similar to up-states HCSs are repetitive having a low frequency and they appear to be a network event


58-61 ADDIN EN.CITE . However in contrast to up-states their appearance is more variable. Even though this variability can be largely explained as discussed above, there might be remaining variability such as the low amplitude that rarely reaches spiking threshold, which is in contrast to what has been described for up-states58,61. Because of these differences, we propose that HCSs are secondary effects of up-states in other parts of the network present on the slice and connected to layer II. This assumes that the region where the up-states take place is connected to the stellate cell network. There are several candidate regions where up-states are described. Up-states are well known in the thalamus58,59 and the cortex


60-63 ADDIN EN.CITE  . In layer III principal cells of MEC up-states were reported49. To our knowledge, no thalamic nuclei connected to the stellate cell network has up-states. Moreover, these are not present in the slice preparation. The main cortical input regions of the EC, such as the hippocampus, the perirhinal and postrhinal cortex as well as pre- and parasubiculum, are not known to have up-states, either. More interestingly up-states occur in principal cells in layer III49, and layer III is known to be interconnected with layer II of MEC. This connection is thought to be rather sparse though37,64. This leads to the hypothesis that the HCSs are triggered in layer V of MEC, known to project strongly to layer II64. Additionally it is also connected to layer III of MEC64. We propose the hypothesis that layer V has up-states that evoke the described HCSs in layer II and also what is until now called an up-state, but what would in reality be another HCS, in layer III. The difference in appearance of these events can be explained by the differences in recurrent connectivity and the degree of electric coupling. Whereas for stellate cells in layer II we found very sparse recurrent connectivity and no electric coupling has been described, in layer III local connectivity between principal cells is much higher (around 9%) and electrical coupling has been found44. This could be the reason why up-states from layer V are mirrored in layer III whereas in layer II only the described weaker HCSs are left. This hypothesis is further strengthened by the connection between layer V and the hippocampus. The latter is known to have sharp wave that coincides with up-states in the neocortex65. Similarly those sharp waves might coincide with up-states in layer V of MEC. To disentangle which region or layer cause the HCSs, we propose slice experiments where the different inputs are cut between two sessions of patching in the same slice. Simultaneous recordings in the different layers of MEC can also shed light on where HCSs originate and what they actually are. 

The mechanism of how the HCSs vanish at P16 is not understood, either. It is possible that the reported rise in inhibition (Langston etal53, 2009 and own unpublished data) suppresses the HCSs. One approach to this would be to first understand how HCSs are generated and controlled. It is described that GABAergic transmission plays a major role in up-state generation and termination in layer III. GABA blockers can show whether HCSs in layer II are similarly controlled as up-states in layer III of MEC. Up-states can be initiated as well by synaptic input, mainly mediated by Kainate66 and NMDA receptors67 but it is also possible that intrinsic currents alone accomplish that68. Blocking this synaptic input or the intrinsic currents can shed light on further similarities between up-state and HCS control.
About the functional relevance of HCSs, two scenarios might be explored. First, it can be a mechanism that shapes the network during development by activating many synapses between  groups of cells that are thus set up to form functionally connected clusters in the adult. Second, it can be a general mechanism to bind information as proposed for up-states in other areas. The latter however is unlikely in view of our observations that after P16 the occurrence of HCSs diminishes. 
Conclusion:

The Ih-current is stable from P16 in contrast to what has been reported before54. We suggest that the appearance of the Ih-current may coincide with the appearance of grid cells. Interconnectivity between neighboring stellate cells is shown to be rather sparse but not absent but it is not sufficient to fulfill the predicted interconnectivity between grid cells made by network models for grid cell firing. There is no developmental component in the number of detected connections visible but a trend to a decrease in amplitude. However, either long range connectivity between stellate cells or indirect connectivity mediated by interneurons that synchronize intrinsic subtreshold oscillations could serve as an alternative way of binding a group of cells together as required for network models for grid cell firing. These subtreshold oscillations are co-mediated by the Ih-current. This is another hint that the emergence of the Ih-current plays a role in grid-cell development. The HCSs in layer II are as yet poorly understood with respect  to their origin, the mechanisms underlying the appearance and disappearance after P16 and their relation with up-states. Although still in its early days, an interesting possibility is that they play a role during development in setting up connectivity between clusters of stellate cells that will in the adult brain show coherent grid cell firing. 
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Supplementary figure 1: The mean waves of the three detected recurrent connections not shown in the thesis itself. A shows the presynaptic stimulation (green). B is the P10 connection, C is the P11 connection and D is the P17 connection. In yellow the times of presynaptic stimulation are indicated in the postsynaptic waves.
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Supplementary figure 2: Overview of the traces used for the HCS analysis separated by age. Every row represents one animal.  
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Figure � SEQ Figure \* ARABIC �3�: Overview of merged recurrent connectivity data. Number of tested (blue) and detected (red) connec-tions in the merged dataset.
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� Remapping is a process where place cells change the place of their firing fields, even stop being active at all, or start being active, caused by e.g. a quite subtle change in external cues.


� In the hippocampal system the hippocampus proper, the dentate gyrus (DG), the subiculum, and peri-, post-, and entorhinal cortex are comprised.


� This connection was found by Jonathan J. Couey and is part of the merged dataset.
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