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Chapterr 4 

ABSTRACT T 

Thee entorhinal cortex has long been recognized as an important interface between the 
hippocampaii  formation and the neocortex. The notion of bi-directional connections between 
thee entorhinal cortex and the hippocampai formation have led to the suggestion that 
hippocampaii  output originating in CAI and subiculum may re-enter hippocampai sub-fields 
viaa the entorhinal cortex. To investigate this, we used simultaneous multi-site field potential 
recordingss and current source density analysis in the entorhinal cortex and hippocampai 
formationn of the rat in vivo. Under ketamine/xylazine anesthesia we found that repetitive 
stimulationn of subiculum or Schaffer collaterals facilitated entorhinal responses, such that a 
populationn spike appeared in layer III . In addition, a current sink in stratum lacunosum-
molecularee of area CA1 was found, that followed responses in the entorhinal cortex, 
indicatingg re-entrance into this area. Responses indicating re-entrance in the dentate gyrus 
weree not found under ketamine/xylazine anesthesia, but were readily evoked under urethane 
anesthesia.. Re-entrance into CA1 was also encountered under urethane anesthesia. These 
resultss suggest that parallel, but possibly functionally distinct connections are present between 
thee output of the hippocampai formation and cells in layer II I  and II of the entorhinal cortex 
thatt project to area CA1 and the dentate gyrus, respectively. 
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Re-entrancee in the hippocampal-entorhinal system 

INTRODUCTIO N N 

Withinn the temporal lobe memory system, the entorhinal cortex constitutes a major 
interfacee between the hippocampal formation and the neocortex. Highly integrated multi-
modall  cortical information reaches the superficial layers of the entorhinal cortex via 
surroundingg cortices (Burwell and Amaral, 1998) and these layers, in tum, distribute the 
informationn to all sub-fields of the hippocampal formation (Dolorfo and Amaral, 1998a, 
Steward,, 1976, Steward and Scoville, 1976, Tamamaki, 1997. Witter, 1993). Hippocampal 
outputt to the entorhinal cortex arises from area CA1 and subiculum and terminates 
predominantlyy in deep layers (chapter 2, Kohier, 1985). Neurons in deep layers project to 
neocorticall  areas (Insausti et al.. 1997), but they also distribute axon collaterals into the 
superficiall  layers (Dolorfo and Amaral, 1998b, Kohier, 1986, 1988, van Haeften et al., 2003). 
Inn a recent study we concluded that this deep-to-superficial layer connection likely consists of 
aa primarily excitatory projection onto both principal neurons and inhibitory interneurons 
presentt in layers I-II I (van Haeften et al., 2003). Previously, we found that stimulation of 
hippocampall  output structures activates entorhinal deep layer neurons, which in turn transmit 
thee activity to superficial entorhinal layers (chapter 3). This communication between deep and 
superficiall  layers may form an essential link in a circuit that can mediate re-entrance of 
activityy into the hippocampal formation. Re-entrant circuits supporting reverberatory activity 
providee one possible mechanism contributing to persistent neuronal activity, which is 
supposedd to be one of the prerequisites for working memory. 

Deadwylerr et al. (1975) were the first to show, employing in vivo field potential 
recordings,, that Schaffer collateral stimulation could evoke a long latency synaptic response 
inn the dentate gyrus, that was dependent on a functional entorhinal input to the hippocampal 
formation.. This was confirmed by Wu et al. (1998), and these data suggest that layer II 
neuronss that project to the dentate gyrus can be activated by hippocampal output. Yet, it is not 
knownn whether, and in what way, deep entorhinal layers participate in this process of re-
entrance.. Very recently, while preparing this manuscript, another study was published in 
whichh re-entrance into area CA1 was investigated in the guinea pig (Bartesaghi and Gessi, 
2003).. However, in this study the dorsal hippocampal commissure, mainly containing fibers 
thatt originate in the presubiculum and target cells in the superficial layers of the entorhinal 
cortex,, was stimulated. 

Heree we focused on the activity in the entorhinal cortex that mediates re-entrance of 
activityy into the hippocampal formation and particularly on the deep-to-superficial layers 
communicationn that is required for the phenomenon of re-entrance. To achieve this goal we 
investigatedd the main hippocampal output by stimulating directly the subiculum and/or the 
Schafferr collaterals. Moreover, we asked whether in addition to the projection from entorhinal 
layerr II to the dentate gyrus (DG), the parallel projection from entorhinal layer III to the 
hippocampall  formation (CA1, Subiculum) could also be engaged in transmitting hippocampal 
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outputt back to the hippocampal formation, and we established whether the type of anesthesia 

hass influence on the occurrence of re-entrance in these two pathways. 

Mainn differences and similarities between these previous studies and ours are discussed. 

MATERIAL SS AND METHOD S 

Surgery y 

Femalee Wistar rats (180-250 gram) were anesthetized with a mixture of ketamine and 

xylazinee (1.0-1.5 ml intra-peritoneally, 4:3 mixture of 10% solution of Ketaset Aesco, Boxtel, 

Thee Netherlands, and 2% solution of Rompun, Bayer. Brussels. Belgium) or with urethane (1-

1.55 g / kg bodyweight) intra-peritoneally. Surgical procedures and electrode placement, 

optimizedd in order to get reliable evoked field potentials, were similar as described previously 

(chapterr 3). Briefly, a 16-channel silicon probe (100 urn inter-electrode spacing: kindly 

providedd by the University of Michigan Center for Neural Communication Technology 

sponsoredd by NIH NCRR grant P41-RR09754) was positioned in the dorsal part of the medial 

entorhinall  cortex; such, that it penetrated all lamina approximately perpendicularly. A second 

16-channell  silicon probe was positioned into the hippocampal formation, such that it covered 

bothh area CA1 and the superior blade of the dentate gyrus. Bipolar stimulation electrodes 

weree positioned in the dorsal subiculum and in the Schaffer collaterals in area CA3. 

A A BB SUB stimulation C SCHAF stimulation 
fieldd potential fieldd potential 

00 10 20 30 40 0 10 20 3040 0 10 20 30 40 0 10 20 3040 
time(ms)) time(ms) 

Figuree 4.1 Typical evoked responses in the entorhinal cortex after hippocampal output stimulation. A: 
Schemee of the major connections in the hippocampal-entorhinal circuitry that are involved in the generation 
off  evoked responses in the entorhinal cortex after stimulation of subiculum or Schaffer collaterals. B,C: 
Examplee traces of field potential responses (left) and corresponding current source densities (CSD, right) in 
entorhinall  layers V. Il l and II  after stimulation of subiculum (SUB) or Schaffer collaterals (SCHAF). 
Recordingss were made with a 16-channel silicon probe in all layers of the entorhinal cortex. Typical 
responsess arc labeled and the numbers between brackets correspond to the pathways labeled in A. which are 
involvedd in the generation of these responses. For furthei explanation, see Results. In this figure and all other 
figuress an asterisk indicates the time of a stimulus. Abbreviations: ps. layer V population spike: w3. layer II I 
wave:: a. antidromic spike. For other abbreviations, see list. 
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Re-entrancee in the hippocampal-entorhinal system 

Fieldd potential recording 
Widebandd signals were amplified 200x by custom amplifiers and digitized through a 

CEDD 1401 with 32-channel simultaneous sample-and-hold extension board (Cambridge 
Electronicc Design, Cambridge, UK). In a second set of experiments, digitization of amplified 
signalss was performed using a 64-channel National Instruments computer board. Brief trains 
off  isolated, constant current stimuli were applied to subiculum or Schaffer collaterals at 5-40 
Hz. . 

Histology y 
Att the end of an experiment, the locations of the stimulation and recording sites were 

markedd by an electrolytic lesion (stainless steel electrodes: two 400 ms positive current pulses 
off  400 uA; silicon probe: injection of two 15-20 uA positive current pulses into the two outer 
channelss for 10 seconds). Subsequently, the rat was transcardially perfused with saline and 
fixationn solution (4% paraformaldehyde, 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 
7.4).. The brain was removed and immersed in fixation solution for at least 24 hours. Next,, the 
brainn was immersed in 20% glycerol, 2% dimethyl sulfoxide (DMSO) in 100 mM phosphate 
buffer,, pH 7.4, for cryoprotection. Sagittal sections (40 um thick) were cut on a freezing 
microtome,, immersed in gelatin solution and mounted on slides, and finally stained with 
cresyll  violet and inspected under a microscope. 

Dataa analysis 
Currentt source density analysis was performed by estimating the 2n order spatial 

derivativee of the laminar field potential profiles by a differencing procedure: 

cc h <Th(<&{h-nAh,t)-2&(h,t) + ®(h + nAh,t)) 
(«A/ i ) 2 2 

CSD(h,t)) is the current source density at fixed time t and depth h, <D(h,t) is the average 

fieldfield potential at time t and depth h, Ah is depth interval (100 um), o~h is tissue conductivity 

(assumedd constant). The parameter n defines the amount of spatial smoothing applied to the 

dataa (Ahrens and Freeman, 2001; Freeman and Nicholson, 1975). Here, we used spatial 

smoothingg (n=2) for CSD analysis of entorhinal recordings and no spatial smoothing (n= 1) 

forr CSD analysis of hippocampal recordings. CSD is presented in arbitrary units (mV/mm"). 

Too give a crude estimate of the CSD at the two extreme recording sites in layer I of EC, 

wee introduced two fictive recording sites superficial to the most extreme recording site and 

assumedd that the field potential does not change between the fictive sites and actual extreme 

recordingg site (Ahrens and Freeman, 2001). 
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A A 
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Figuree 4.2 Subiculum evoked PS-W complex in the entorhinal cortex is facilitated by repetitive stimulation. 
A.. Field potential responses in entorhinal layers I. II . Il l and V after several stimuli (PI. P2. P4 etc.) of a 10 
Hzz stimulus train applied to subiculum. Both the layer V population spike (indicated by 'ps') and the layer II I 
wavee (indicated by 'w3') were enhanced during a 10 Hz stimulus train in subiculum. During the train a 
biphasicc wave appeared in layer I (indicated by 'wl ') , which also facilitated. The antidromic spike in layer II 
(indicatedd by 'a') did not show significant facilitation or depression. B. Detailed laminar profiles of the PS-W 
complexx evoked by the Is' and 10" stimulus of a 10 Hz train (same experiment as in A). Notice the sharper 
troughh of the layer II I  wave and the appearance of a positive-negative wave in layer I after the 1 ()"' stimulus. 
C.. Contour plots of the current source densities associated with the field potential responses in B. Difference 
betweenn contour lines is 10 mV/mtrr. zero-contour is not shown. Sources are shown as dashed lines. D. 
Examplee of the development of the layer V population spike (circles) and layer Ml wave (triangles) 
amplitudess during stimulus trains applied to subiculum at 20 Hz. 10 Hz or 5 Hz. 
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RESULTS S 

Underr ketamine/xylazine anesthesia, a single stimulus applied to the subiculum (SUB) 
orr to the Schaffer collaterals (SCHAF) evoked characteristic field potentials and current 
sourcee densities in the entorhinal cortex (fig. 4.1, see also chapter 3). In the entorhinal cortex, 
thee main components of the evoked responses consisted of a layer V population spike, and a 
negativee wave in layer II I  (collectively termed PS-W complex). SUB stimulation evoked an 
earlyearly PS-W complex due to the direct activation of the subicular-entorhinal pathway (fig 
4.11 A,B). SUB stimulation could also elicit a long latency PS-W complex, due to stimulation of 
thee perforant path that courses through subiculum, which leads to activation of the 
hippocampall  tri-synaptic pathway, eventually generating a delayed PS-W complex in the 
entorhinall  cortex (for an example of a delayed PS-W complex see fig. 4.5). Alternatively, 
indirectt activation of hippocampal output from CA1/SUB to the entorhinal cortex by SCHAF 
stimulationn could also evoke a PS-W complex (fig 4.1A,C), with a latency intermediate to the 
earlyy and delayed PS-W complex evoked by SUB stimulation. 

Previously,, we showed that the layer II I  responses during the PS-W complex were 
mediatedd by deep-to-superficial layer connections (chapter 3). Since neurons in entorhinal 
layerr II I  give rise to a major projection to CA1 and subiculum (Steward and Scoville, 1976), 
wee asked whether it would be possible for hippocampal output to re-enter these sub-fields. 
Wee assumed that in the case of re-entrance, SUB or SCHAF evoked responses in 
hippocampall  sub-fields should appear later than the PS-W complex in the entorhinal cortex, 
withh a latency difference that is compatible with the delay introduced by an additional 
pathway.. However, we never found such a response after a single stimulus applied to SUB or 
SCHAF.. Therefore, we used repetitive stimulation to probe the occurrence of re-entrance in 
thee hippocampal-entorhinal system. 

Repetitivee stimulation of hippocampal output enhances entorhinal responses 
Too analyze the effects of repetitive stimulation, we chose frequencies of 5-40 Hz, 

whichh overlap with the range of paired pulse intervals investigated in our previous study 
(chapterr 3). During repetitive stimulation at 10 Hz in SUB the amplitudes of the layer V 
populationn spike and the layer II I  wave in the entorhinal cortex were enhanced (fig 4.2A,B, 
indicatedd by ps and w3 respectively). In addition, in layer I a biphasic positive-negative wave 
appearedd after the first few stimuli and was facilitated after subsequent stimuli (fig 4.2A,B, 
indicatedd by w 1). The peak of the negative component of this layer I component was 5-11 ms 
afterr the peak of the layer II I  wave. The layer II I  wave did not only increase in amplitude, but 
itss trough became sharper, such that we may describe this as a layer II I  population spike (fig. 
4.2A,B).. CSD analysis showed that this corresponded to a sharp transient sink superimposed 
ontoo the slower sink of the layer II I  wave (fig. 4.2C). This layer II I  population spike appeared 
too propagate towards layer II. It appeared that at the time of the facilitated layer II I  wave, a 
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Figuree 4.3 Summary of the dynamics of the layer V population spike (A), layer 111 wave (B) and long 
latencyy stratum lacunosum-moleculare response in CA1 (C) during a stimulus train applied to subiculum at 
200 Hz (top). 10 Hz (middle) and 5 Hz (bottom). Dots represent individual measurements from several 
experiments:: the line connects the averages at each stimulus. Amplitudes were normalized to the maximal 
valuee reached during the train. Note the delayed enhancement of the CAI SLM responses compared with that 
off  the other two events. 

largee negative-going potential was also present in deep layers, following the population spike, 

whichh was not present after a single stimulus (fig 4.2B. also indicated by an arrow in fig. 4.2A 

forr P10). However, CSD analysis revealed that in deep layers a current sink was only 

generatedd during the layer V population spike, but not during the later large negativity (fig 

4.2C).. demonstrating that this latter potential was due to volume conduction of layer III 

responses. . 

Facilitationn of the layer II I wave was stronger than that of the layer V population spike 

(fig.. 4.2A. D). The dynamics of the facilitation were different for deep and superficial layer 

responsess and also varied for different stimulation frequencies (fig 4.2D). To pool the data 

fromm several experiments, the amplitudes were normalized to the maximal amplitude within a 

trainn applied to SUB (fig 4.3A.B). At a stimulation frequency of 10 Hz. the layer V 

populationn spike reached a plateau level already after the second stimulus, whereas the 

amplitudee of the layer III response continued to increases until the 3rd-5th stimulus (fig 4.3B 

andd fig 4.2D). Stimulation at 20 Hz resulted in robust facilitation during the first few stimuli 

forr both the layer V spike and layer III wave. After the initial few stimuli of the train the layer 

VV population spike tended to de-facilitate slightly, whereas the amplitude of the layer III wave 

remainedd at the same level (fig 4.3A.B). A very similar patter was observed at 40 Hz 

88 8 



Re-entrancee in the hippocampal-entorhinal system 

stimulationn (not shown). With 5 Hz stimulation responses were facilitated, albeit at a slower 
ratee (fig. 4.3A,B and 4.2D). That is, the layer V population spike reached a plateau level only 
latee during the train, and the layer III wave did not reach a plateau level at all during the ten 
stimulii  applied. 

DelayedDelayed PS- W complexes evoked by SUB stimulation and SCHAF stimulation evoked 
PS-PS- W complexes were also subject to facilitation. In all these cases the layer III wave became 
sharperr and current source density analysis demonstrated the presence of a layer III 
populationn spike. In addition, a layer I positive-negative wave was frequently present, similar 
ass described above. 

Repetitivee stimulation of hippocampal output evokes a long latency sink in stratum 
lacunosum-molecularee of area CA1 

Fieldd potential responses in CA1 and dentate gyrus evoked by a single stimulus in either 
SUBB or SCHAF reflected the activation of both perforant path fibers and intra-hippocampal 
pathwayss (Kloosterman et al., 2001, Leung et al., 1995, Wu et al., 1998). During repetitive 
SUBB or SCHAF stimulation, a long latency potential appeared in the hippocampal formation 
(figss 4.4A and 4.5). This response had a fixed time relationship to the PS-W complex in the 
entorhinall  cortex, such that it started 4-11 ms after the peak of the layer III wave of either the 
SUBB evoked early PS-W complex (n=5/8, fig 4.4A), the SUB evoked delayed PS-W complex 

(n=5/5,, fig 4.5) or the SCHAF evoked PS-W complex (n=4/5, fig. 4.4B). The long latency 
hippocampall  response appeared as a negative wave in the dentate gyrus (including the hilus) 
andd close to the fissure in area CA1, and reversed to a small positive wave in stratum 
radiatumm (RAD) and the pyramidal layer (fig. 4.4C1,C2). CSD analysis showed that the long 
latencyy response was associated with a current sink close to the fissure, most likely in the 
stratumm lacunosum-moleculare (SLM) of CAI, and a source in RAD (fig4.4C3). The laminar 
fieldfield potential profile of this response did not differ between SUB and SCHAF stimulation. 
However,, as illustrated in figure 4.4C2, it clearly differed from the profile of the dentate gyrus 
fEPSPP after SUB stimulation (due to activation of passing fibers of the perforant path). In 
addition,, it also differed from the profile of the fEPSP in CA1 evoked by low intensity 
stimulationn of the Schaffer collaterals (fig4.4Dl). These differences can also be clearly seen 
inn the CSD profiles (fig 4.4C3,D2). The fact that the source that accompanied the long latency 
sinkk was located in RAD, supports the notion that the response involved the distal dendritic 
regionn of CA1 neurons, rather than the outer molecular layer of the dentate gyrus. In a few 
casess lesions were made at the outer recording sites of the hippocampal probe (see Methods), 
andd the histology in these cases reinforced the interpretation that the sink was located in SLM 
(figg 4.5B). 

Thee SLM sink found after the early PS-W complex evoked by SUB stimulation was 
facilitatedd during a stimulus train. We compared the dynamics of the long latency SLM sink 
(fig.. 4.3C) to the layer V and III components of the early PS-W complex after SUB 
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stimulationn (fig. 4.3A.B). The dynamics of the SLM sink appeared to resemble the dynamics 

off the layer III wave more than the dynamics of the layer V population spike (particularly 

evidentt for stimulus trains at 20 and 10 Hz). 
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<—— Figure 4.4 A. Repetitive subiculum stimulation evoked a long latency negative wave in the hippocampal 
formationn (arrows), which followed the PS-W complex in the entorhinal cortex. Only responses to the 1vi, 2"a. 
4lhh and 10th stimulus are shown. Top four traces were recorded from entorhinal layers I, II, III and V, bottom 
threee traces were recorded from area CA1 and dentate gyms. Note the presence of an early positivity in the 
hiluss as a result of activation of perforant path fibers. Vertical dashed lines mark the peaks of ps, w3 and wl 
fieldfield potential events in the entorhinal cortex, B. Example of the long latency CAI SLM negative wave 
(arrow)) in anoüier experiment following stimulation of the Schaffer collaterals. Only the 5th stimulus of a 10 
Hzz train is presented. C. Full laminar profile of the long latency hippocampal response after the 10lh stimulus 
off  a 10 Hz train (Cl7 same responses as shown in A). Depth profiles of the field potential responses (C2) and 
associatedd current source densities (C3) are shown for the time points indicated by the vertical dashed lines. 
Thesee times mark the peak of the early perforant path evoked responses in the dentate gyrus (6.5 ms) and the 
longg latency CAI SLM wave (38.5 ms). In this experiment channels 13 and 14 were short-circuited due to a 
technicall  problem and therefore only one of the channels is displayed at an intermediate location. A modified 
equationn was used for the current source density analysis to correct for the variable inter-electrode distance. 
D.. For comparison, the laminar profile of the population excitatory postsynaptic potential (EPSP) in area 
CA11 evoked by a single low intensity shock to the Schaffer collaterals in the same experiment is shown in 
Dl .. Field potential depth profiles and corresponding current source densities at the peak of this CA1 EPSP 
aree shown in D2. 

Re-entrancee into area CA1 and dentate gyrus under urethane anesthesia 
Ass mentioned above, under ketamine/xylazine anesthesia there was no indication of a 

longg latency event in the dentate gyrus that could point at re-entrance of activity into this 
structure.. Previously, however, long latency potentials in the dentate gyrus have been reported 
afterr SCHAF stimulation under urethane anesthesia (Deadwyler et al., 1975, Wu et al., 1998). 
Wee asked whether there was a difference between urethane and ketamine/xylazine anesthesia 
forr inducing re-entrance of neuronal activity into the hippocampal formation. 

SUBB stimulation resulted in a long-latency negative-going wave in the hippocampal 
formationn following a PS-W complex in the entorhinal cortex, similar as under 
ketamine/xylazinee anesthesia (n=5/6, fig 4.6A). CSD analysis showed that an associated 
currentt sink was located in stratum lacunosum-moleculare of CA1 and a current source was 
locatedd in stratum radiatum (fig 4.6B). In addition, a long-latency small positive-going 
potentiall  was found in the hilar region, which reversed in the molecular layer (n=4/6, fig 
4.6A,B).. It is important to note that this response was not observed under ketamine/xylazine 
anesthesiaa (e.g. compare figures 4.4A and 4.6A, stimuli P10). CSD analysis demonstrated that 
thee long-latency DG potential was associated with a current sink in the molecular layer of the 
dentatee gyrus and a current source in the granule cell layer (fig 4.6B). This sink-source 
configurationn was identical to that of perforant path evoked responses in the dentate gyrus 
(fig.. 4.6B). A long-latency dentate gyrus positivity and associated current sink in the 
molecularr layer could also be found after SCHAF stimulation (n=7/7). In only one case, 
SCHAFF stimulation evoked a small long-latency sink in SLM of CA1. 

Sincee we observed long latency potentials, indicative of re-entrance, in the dentate gyrus 
off  urethane, but not ketamine/xylazine anesthetized animals, we asked whether differences 
couldd be observed in the evoked responses in the entorhinal cortex. In most cases this was, 
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Figuree 4.5 A. A long latency hippocampal response in stratum lacunosum-moleculare can follow a delayed 
PS-WcomplexPS-Wcomplex (dPS-W. ps: layer V population spike. w3+ws: layer III population spike superimposed onto 
layerr III wave) evoked by activation of the perforant path in subiculum. An overlay of field potential 
responsess recorded using a 16-channel probe in the hippocampal formation shows that subiculum stimulation 
evokedd an antidromic spike in CA1 (a), a large positivity in the hilus (b) with superimposed population spike 
(c).. and tri-synaptic EPSP in stratum radiatum of area CAI (d). The inset shows the long latency SLM 
responsee (e) at larger scale. B. Sagittal Nissl-stained section showing lesions (arrowheads) of the outer 
recordingg sites of a 16-channel probe in the hippocampal formation. The complete recording track is 
reconstructedd by linear interpolation between the two lesions. In panel C. the depth profile of the long latency 
SLMM response and the associated current source density profile are shown. Notice that the current sink was 
locatedd in SLM. and the source in stratum radiatum. 

however,, not the case. Under urethane anesthesia, a single stimulus in subiculum evoked a 

PS-WPS-W complex in the entorhinal cortex (fig. 4.6A), that was similar to those evoked under 

ketamine/xylazinee anesthesia (fig. 4.2A). Also, under urethane the PS-W complex facilitated 

duringg a brief train of stimuli, in some cases leading to a layer III population spike (figs 4.6A, 

4.7A.B).. In a few cases after Schaffer collateral stimulation it appeared that the current sink in 

layerr III extended further into layer II than was ever observed under ketamine/xylazine 

anesthesiaa (fig. 4.7D. gray arrow), which may indicate additional involvement of layer II 

cells. . 

DISCUSSION N 

Inn the present study, we have demonstrated in the rat in vivo, that entorhinal field 

potentiall responses evoked by stimulation of subiculum were enhanced during a stimulus 

train,, which was reflected in the emergence of a layer III population spike. Furthermore, we 

obtainedd evidence for re-entrance of activity into the hippocampal formation via the 

entorhinall cortex upon subiculum or Schaffer collateral stimulation: - a late current sink in 
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Figuree 4.6. A. Under urethane anesthesia, repetitive 10 Hz subiculum stimulation evoked long latency 
responsess in both SLM (closed arrow) and dentate gyrus (open arrow), both following the PS-Wcomplex in 
thee entorhinal cortex. B. Full laminar profile of long latency hippocampal response after the 10th stimulus 
shownn in A. Field potential depth profiles (B2) and associated current source densities (B3) are shown for the 
timee points indicated by the vertical dashed lines. These time points indicate peaks of the early perforant path 
evokedd response in the dentate gyrus and the long latency responses in the dentate gyrus (21.5 ms) and CA1 
SLMM (31.0 ms). In C. Field potential depth profile and associated current source densities of the Schaffer 
collaterall  evoked LPSP in CA1 is shown for the same experiment for comparison. 
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Figuree 4.7. Evoked responses in the entorhinal cortex under urethane anesthesia. A full laminar profile of 
subiculumm evoked field potentials following the K)'1' stimulus in a 10 Hz train (same experiment as fig. 6) is 
shownn in A. In B and C. contour plots of current source densities associated with the field potentials 
followingg the l()'h (B) and 2nd (C) stimulus are plotted. Difference between contour lines is 6.7 mV/mnr; 
zero-contourss are not plotted. Sources are indicated by dashed lines. D. Contour plot of the current source 
densityy associated with SCHAF evoked responses following the I0'h stimulus in a 10 Hz train (same 
experimentt as A-C). The gray arrow indicates the extension of a current sink into layer II. 

stratumm lacunosum-molecularc of area CA1 appeared, that followed entorhinal responses, and 

-- a late current sink appeared in the molecular layer of the dentate gyrus following entorhinal 

responses,, hut this sink only occurred under urethane anesthesia and not under 

ketamine/xylazinee anesthesia. 

Frequencyy facilitation of entorhinal responses 

Duringg a paired pulse protocol, the subiculum evoked entorhinal responses showed 

facilitation,, with maximal effect at intervals ranging from 25-100 ms. but no depression 

(chapterr 3). Our present data show that a stimulus train applied to subiculum resulted in 

entorhinall  responses being even further enhanced, particularly in layer III . where a population 

spikee emerged. This enhancement was stronger at 10-20 Hz than at 5 Hz. which is in line with 

thee facilitation observed in a paired pulse protocol (chapter 3). The dynamics were different 

forr layer V and layer III responses and also for different stimulus train frequencies. This 

suggestss that the facilitation of the layer III response is not completely determined by the 

facilitationn of the layer V population spike. We did not investigate the mechanism of the 

facilitation,, but we may suggest that the observed facilitation in EC layer V after subiculum 

stimulationn may be due to a decrease in feed-forward inhibition jointly with an increase in 

glutamatee release, both involving presynaptic metabotropic glutamate receptors (Evans et al.. 
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2000;; Woodhall et al., 2001). Since the deep-to-superficial layer projection predominantly 
consistss of excitatory contacts onto principal neurons and inhibitory intemeurons in layer I-II I 
(vann Haef'ten et al., 2003), similar mechanisms may account for the additional facilitation in 
superficiall  layers that is not explained by the facilitation of deep layer responses. 

Signss of re-entrance in SLM of area CA1 
Followingg the subiculum evoked responses in tbe entorhinal cortex, a response was 

observedd in stratum lacunosum-moleculare (SLM) of area CA1. The laminar field potential 
profilee and associated current source density profile are similar to what could be expected 
basedd on computer simulations (Leung, 1995), and to responses evoked by direct entorhinal 
cortexx stimulation (Leung et al., 1995). Furthermore, current density profiles of the SLM 
responsee were clearly different from perforant path evoked responses in the dentate gyrus or 
Schafferr collateral evoked responses in stratum radiatum (RAD) of area CA1. Lastly, 
histologyy indicated that this response is likely generated in SLM. 

Howw are the CA1 SLM responses generated? Our results suggest that entorhinal layer 
IIII  to CA1 projections mediated the SLM response, based on the following observations: 1. a 
populationn spike emerged in layer III during train stimulation, 2. the SLM sink followed the 
layerr III population spike with a latency consistent with the delay introduced by a single 
synapsee and 3. entorhinal layer III and SLM responses during train stimulation have similar 
dynamics.. These findings taken together show that a functional re-entrance pathway exists 
fromm the output structures of the hippocampal formation, via the entorhinal deep layers, to 
entorhinall  layer III principal neurons that project to area CA1. 

Entorhinall  layer III neurons mainly form excitatory contacts with distal dendrites of 
pyramidall  neurons and intemeurons in SLM (Desmond et al., 1994, Witter et al., 1992). The 
currentt sink that was observed in SLM likely represents excitation of the distal dendrites of 
CA11 pyramidal neurons, which, however, was not sufficient to discharge the pyramidal 
neurons.. This corroborates other studies that showed a predominant feed-forward inhibition 
exertedd by the direct entorhinal input and only a small direct excitation that is not capable of 
depolarizingg the cell soma above threshold for action potential generation (Empson and 
Heinemann,, 1995a, b, Leung et al., 1995, Leung, 1995, Levy et al., 1995, Pare and Llinas, 
1995,, Soltesz, 1995). Some studies, however, did show discharge of CA1 pyramidal neurons 
uponn stimulation of the direct entorhinal input (Doller and Weight, 1982, Yeckel and Berger, 
1995)) and similar results have been obtained for the entorhinal cortex input to subiculum 
(Naberr et al., 1999). In addition, entorhinal input to SLM may induce pyramidal cell firing 
whenn inhibition is blocked (Empson and Heinemann, 1995b). 

Inn a recent paper, Bartesaghi and Gessi (2003) reported that stimulation of the dorsal 
hippocampall  commissure in the guinea pig resulted in a late current sink in SLM of area CA 1, 
whichh may be mediated by re-entrant activity in the hippocampal-entorhinal circuitry. Our 
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presentt data is in agreement with their conclusions and shows that re-entrance into area CA1 
cann also be found in rat. There are, however, a number of differences between the Bartesaghi 
andd Gessi study and ours, which we should address. Stimulation of the dorsal hippocampal 
commissuree is a different way of activating hippocampal output, since the commissural 
presubicularr input to superficial layers of the entorhinal cortex is initially activated, followed 
byy sequential activation of the dentate gyrus, CA3, CA1 and subiculum, which finally results 
inn responses in deep and superficial layers of the entorhinal cortex (Bartesaghi et al., 1988. 
1989).. In this protocol, the superficial layers are activated twice and it could be argued that 
thee initial response evoked by the commissural presubicular input influences the later 
entorhinall  responses. In contrast, we stimulated directly the entorhinal deep layers since the 
stimuluss was applied to SUB or Schaffer collaterals. It could be argued for SUB stimulation 
thatt superficial entorhinal circuits might have been stimulated antidromically, but this 
drawbackk does not hold for SCHAF stimulation. Another difference relates to the frequencies 
usedd for stimulation. Bartesaghi and Gessi used frequencies ranging from 1 to 5 Hz, and 
foundd that 3 Hz was optimal. In contrast, we used frequencies ranging from 5 to 20 Hz, and 
foundd that the re-entrance into CA1 was stronger at 10 and 20 Hz than at 5 Hz. Whether these 
contrastingg findings are due to the use of different anesthetic agents, i.e. sodium thiopental in 
thee Bartesaghi and Gessi study and ketamine/xylazine in our study, or to the distinct 
stimulationn protocols or reflect a difference between rat and guinea pig, is unclear. 

Signss of re-entrance in the dentate gyrus 
Contraryy to the sink in CAI SLM, a long latency response in the dentate gyrus 

indicativee of re-entrance of activity into this structure was not found under ketamine/xylazine 
anesthesia.. The latter was, however, found under urethane anesthesia. Bartesaghi and Gessi 
(2003)) reported that re-entrance into the dentate gyrus was not present in the guinea pig 
anesthetizedd with sodium thiopental. Apparently, layer II stellate neurons projecting to the 
dentatee gyrus do not fire upon hippocampal output stimulation under these conditions. One 
possiblee explanation would be that layer II neurons do not receive excitatory input from 
entorhinall  deep layers. This is not likely, however, since anatomical studies have indicated 
thatt an excitatory projection to layer II cells is present (van Haeften et al., 2003). Another 
explanationn could be that layer II stellate neurons projecting to the dentate gyrus are under 
strongg feed-forward inhibitory control. Nevertheless, under urethane anesthesia re-entrance 
intoo the dentate gyrus is readily evoked (present study; Deadwyler et al., 1975, Wu et al., 
1998),, and it was shown to depend on a functional input from the entorhinal cortex. 

Whatt possible mechanism accounts for the differential sensitivity of re-entrance into the 
dentatee gyrus to various anesthetic agents'? It is likely that the mechanism lies at the level of 
entorhinall  layer II neurons, rather than at the level of the dentate gyrus. An explanation could 
liee in the (ant)agonist effects of these anesthetic drugs on different neurotransmitter systems. 
Ketaminee is a competitive blocker of NMDA receptors and xylazine is an agonist of a2 
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adrenoreceptors.. Sodium thiopental, on the other hand, is a barbiturate that enhances 
GABAergicc synaptic transmission. Littl e is known about the anesthetic mechanism of 
urethane,, but a recent study demonstrated that at anesthetic doses it might have a modest 
effectt on a variety of ligand-gated ion channels, including AMPA, NMDA and GABA-A 
receptorss (Hara and Harris, 2002). Further study is needed to elucidate the mechanisms 
underlyingg these novel observations. This would also shed light on the physiological 
differencess between the two re-entrance pathways via layer II to DG and via layer III to CA1 
SLM,, respectively. 

Functionall  relevance of re-entrance 
Whatt could be the functional consequences of re-entrance pathways in the 

hippocampal-entorhinall  circuitry that connect hippocampal output (entorhinal layer V) with 
hippocampall  input (entorhinal layers II/III) ? From the point of view of the hippocampal 
formationn the outputs from CAl/subiculum can activate, via entorhinal deep layers, cells in 
superficiall  entorhinal layers II and III which project to the dentate gyrus and area CA1 / 
subiculumm respectively, as we have demonstrated here. Thus, in entorhinal superficial layers, 
integrationn of hippocampal output and cortical input may occur and serve a comparator 
functionn (Lorincz and Buzsaki, 2000, Naber et al., 2000). Or, in terms of the computional 
modell  put forward by Lorincz and coworkers (Lorincz, Buzsaki, 2000; Lorincz et al., 2002), 
thiss circuit may compute the 'error' between the actual neocortical input to the entorhinal 
cortexx and the representation stored in the hippocampal formation. Whether this comparison 
takess place in the connections between entorhinal deep layers and layer III (Naber et al., 
2000),, layer II (Lorincz and Buzsaki, 2000) or both is not clear. 

Takingg this a step further, we can see that the parallel projections from layer III to area 
CAl/subiculumm and layer II to the dentate gyrus close this circuit. This could constitute the 
anatomicall  and physiological substrate for reverberation to occur, in the sense of persistent 
activityy in these loops in the absence of external input (Wang, 2001). However, under the 
presentt experimental conditions, i.e. under anesthesia, we did not find evidence for 
reverberationn according to this definition. Nevertheless, it has been suggested that in the 
subcorticallyy denervated hippocampus of the freely moving rat, removal of tonic inhibitory 
influencess allows reverberation of information in the entorhinal-hippocampal-entorhinal 
cortexx circuitry (Buzsaki et al., 1989). It is still an open question whether also under 
physiologicall  conditions reverberation can take place. 

Inn conclusion, a novel aspect of this study is the demonstration that re-entrance to the 
hippocampall  formation can occur along two parallel pathways, one to the dentate gyrus and 
thee other one to CA1. This is in contrast to previous studies, which showed that re-entrance 
occurss in either one or the other pathway, but not in both simultaneously. Both re-entrance 
pathwayss are operational under urethane anesthesia, but the re-entrance pathway to the 
dentatee gyrus was not active under ketamine/xylazine anesthesia. These distinct 
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pharmacologicall  profiles suggest that these parallel pathways involve, at least partly, different 

neurotransmitterr systems. Whether in freely moving animals, these two parallel pathways act 

haha unison or differentially depending on behavioral conditions, is an interesting issue that 

meritss further study. 
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