Differential coding mechanisms in the dorsal and ventral hippocampus
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Although anatomical, lesion and imaging studies of the hippocampus indicate qualitatively different information processing along   its septo-temporal axis, physiological evidence  supporting such distinction is missing. We find that, unlike dorsal hippocampus (DH) neurons, ventral hippocampus (VH)  neurons lack discrete place fields and the extent of their firing fields varied across different environments. Instead of constructing a spatially confined receptive field , ventral neurons firing fields strongly correlated with contextual cues. Moreover, in contrast to high power in the theta band in the DH, the paucity of theta rythmicity characterized ventral neurons and local field. Overall, the functional properties of the rodent VH appear similar to those reported in the primate hippocampus. 

A large body of experimental findings supports the role of the hippocampus in spatial navigation (O’Keefe and Nadel, 1978; O’Keefe and Recce, 1993; McNaughton et al., 2006). To date, most physiological studies supporting the spatial theory have been conducted in the dorsal part of the rodent hippocampus, although recent findings imply qualitatively similar patterns of activity in both the middle and more ventral parts of the structure. ‘Place cells’ (O’Keefe and Nadel, 1978) at the septal end of the hippocampus have smaller receptive fields and faster intrinsic oscillation frequencies in the theta band, and both parameters become progressively larger when recordings are made from more posterior and ventral regions (Jung et al., 1994; Maurer et al., 2005; Kjelstrup et al 2008). This hypothesis is also supported by the gradually increasing “grid” size of the entorhinal cortical neurons, the main input to the hippocampus, in the dorso-ventral direction (Hafting et al., 2005), implying a unified computation in the entire hippocampal formation (Kjelstrup et al., 2008).

The assumed qualitative similarity of computation along the axis of the hippocampus (Andersen et al., 1971) is at odds with the observed significant differences in both the intrinsic organization and extrinsic connectivity along the long axis. For example, collaterals of CA3 pyramidal cells heavily innervate granule cells only in the only ventral tip of the rat hippocampus, (Li et al., 1994). In addition, several molecular markers including acetylcholine, dopamine, noradrenalin, serotonin, substance P, neuropeptide Y show differential expression between the ventral tip and the rest of the hippocampus (Lein et al., 2007). Furthermore, whereas the major portion of the hippocampus receives its subcortical neuromodulatory innervation by way of the fornix, afferents to the ventralmost part arrive by a distinct path along the amygdala-hippocampus projection (Gage et al., 1983). Finally, efferents from the dorsal and ventral portions of the hippocampus target different structures (Van Hoesen and Pandya, 1975; Amaral and Lavenex, 2006). In accordance with these anatomical differences, several lesion and human imaging experiments strongly suggest that the dorsal and ventral portions of the hippocampus support qualitatively different behaviors (cf. Moser and Moser, 1998; Small, 2002; Bannerman et al., 2004). 

To compare the physiological properties of the hippocampus along its long axis, we recorded from both its dorsal and ventral-most parts (n=6 rats) in three different testing environments (Fig. 1). Due to the curvature of the hippocampus , most recordings in the ventral part were carried out in the CA3 and subicular regions (Suppl Material Sfigs. 1 and 2).  Because by definition place cells are 2-dimensional (O’Keefe and Nadel, 1978; O’Keefe and Burgess, 1996; Samsonovich and McNaughton, 1997), we first examined the discharge behavior of dorsal and ventral cells in the open field. As expected, dorsal neurons had well-defined single place fields in the open maze, whereas ventral neurons fired at multiple locations (Fig. 1D; Sfig. 3).

Having failed to find definable place cells in the ventral hippocampus in the open field, we examined their firing properties in a radial maze. As expected, dorsal CA1 and CA3 pyramidal cells typically had a single place field (only in one of the 7-arms) in the radial maze (McNaughton et al., 1983) (Fig. 2; Sfig. 4). In contrast, pyramidal neurons in the ventral tip of the hippocampus and subiculum typically fired in more than one arm in the radial maze. Importantly, the multiple firing fields did not randomly cover the radial maze but showed an orderly arm-symmetric arrangement. If a neuron displayed an activity field with a peak firing rate, e.g., in the middle of one arm, the probability of fields at similar locations in the other arms was high (x/y no of cells; Fig. 2A; Sfig. 5). We also classified a number of ventral hippocampal (38%) and subicular (66%) neurons  as outgoing or ingoing based on their differential firing in the outbound (toward reward) and inbound directions. In addition, a small subset of both VH (16%) and subicular neurons (22%) significantly discriminated between the open and closed arms (Fig. 2B; Sfigs. 5, 6), Importantly, arm type differentiation occurred only during one direction of travel (typically reward-bound), suggesting that the differential firing rates did not simply arise from the physical attributes of the arms. Most VH interneurons also discriminated between arm types and direction of travel (Sfig. 7). The size of the firing fields, quantified as the length of activity between peak firing +/-20%, in a given arm was somewhat larger in the VH although neurons in all regions showed large field size variability (Fig. 2C). 

The above findings suggest that neither distant room cues nor local apparatus cues alone can account for the firing patterns of ventral neurons. To examine this hypothesis further, we designed a “zigzag” maze (Fig. 1B), in which the rat had to run through two geometrically identical corridor configurations before reaching the reward. Surprisingly, majority of dorsal CA1 and less so CA3 pyramidal neurons fired repetitively at geometrically identical positions of the zigzag maze (Fig. 3A; Sfig. 8). As in the radial maze, dorsal place fields were distributed evenly over the entire trajectory for both travel directions (white lines in Fig. 3A). The size of firing fields of ventral neurons was 4 to 5 times larger than those of dorsal cells (Fig. 3C; p<0.05) with a large variability in length, from compact 30 cm to 6 m across individual cells. In a larger testing environment the firing fields can even be longer (Kjelstrup 2008), likely due to the scaling of field size with the size of the testing environment (O’Keefe and Burgess, 1996). However, ventral neurons did not simply behave as place cells with larger fields. First, ventral fields were selectively concentrated in certain portions of the maze (white lines in Fig. 3A). Second, in contrast with dorsal neurons, a large fraction of ventral pyramidal cells (Fig. 3B; Sfig. 9) and interneurons (Sfig. 10) fired in a symmetrical manner during left and right journeys. Consistent with this, the field sizes during left and right journeys were highly correlated for ventral cells (Fig. 3C; vCA3 r = 0.81; vSub r = 0.79) but not for dorsal cells (dCA1 r = -0.18; dCA3 r = -0.02). The symmetry of field activity suggests that ventral cells are more influenced by contextual, situational factors, such as running toward a goal rather than geometrical spatial cues. 
Finally, we examined the temporal firing properties of neurons in the dorsal and ventral regions. Spectral analysis of local field potentials (LFP) revealed a large power at theta frequency in the DH, whereas the homologous VH region was dominated by delta activity and higher power at gamma frequency (Fig. 4A, B). In addition, while place cells and interneurons in the DH showed strongly rhythmic autocorrelograms at theta frequency (O’Keefe and Recce, 1993; Csicsvari et al., 1999; Klausberger et al., 2004), rhythmic discharge of pyramidal cells and interneurons in the VH was markedly less pronounced (Fig. 4D; percent of significantly theta rhythmic pyramidal cells: dCA1 = 31%, dCA3 = 30% vs vCA3 = 5%; interneurons: dCA1 = 88%, dCA3 = 88% vs vCA3 57%). Despite such dramatic differences in physiological patterns between DH and VH, temporal coordination between neurons of the DH and VH was evident by the significant theta coherence of LFP (Fig. 4B) and by the theta-phase modulation of gamma power across regions (Fig. 4C; Sfig. 11). 
Our findings show fundamental differences between the dorsal and ventral-most parts of the hippocampus in both environmental representation and internal dynamics . The firing fields of ventral neurons were, in general, larger than those of the dorsal cells (Jung et al; Maurer et al. 2005; Kjelstrup et al., 2008). However, the extent of the firing fields varied extensively across neurons within the same hippocampal region and across different environments. Importantly, majority of neurons in the rat VH were not explicitly affected by local or distal spatial cues. Although they differentiated between arm types in the radial maze, such differential firing patterns were context dependent. Instead of spatial cues, distance from goal (e.g,. reward at the end of arms; Ekstrom et al., 2003) and perhaps emotional factors (e.g., open vs. closed arms; Kjelstrup et al. ) appeared more critical, indicating that neurons in the VH are under strong internal control.

Our findings in the rat VH parallel previous observations in primates. Although ‘view’ cells have been reported in both monkeys and humans (Georges-Francois et al., 1999; Ekstrom et al., 2003), most studies in primates emphasize memory coding, retrieval and goal finding rather than spatial navigation as the key correlates of hippocampal neuronal activity (Ekstrom et al., 2003; Quiroga et al.,  2005; Rutishauser et al., 2006; Wirth et al., 2003). Indeed, because the hippocampal-entorhinal system communicates with the entire neocortex (Pandya and Hoesen; Amaral and Lavenex, 2006), a larger portion of the primate hippocampus could be devoted to process non-spatial information than in the rat. Moreover, the absence of prominent theta field oscillations, the paucity of theta rhythmicity of neurons and the dominant gamma oscillations in the rat VH are remarkably similar to network dynamics consistently observed in the primate hippocampus and further support this hypothesis (Kahana et al., 1999; Skaggs et al., 2007; Jacobs et al., 2007; Ekstrom et al. 2005; Fell et al., 2001). In addition to demonstrating segregation of physiological patterns and environmental representations, we also found that theta oscillations in the DH could temporally bias both single neurons and network patterns in the VH either through the extensive axon collaterals of CA3 neurons (Li et al., 1994) or by the interneuron-targeting long-range interneurons (Gulyas et al., EJN), a mechanism which could serve to integrate both spatial (Kjelstrup et al 2008) and non-spatial information. A corollary of this observation in light of the above hypothesis is that the more caudal (tail) segment of the hippocampus may be the source of theta-scale timing in primates. 

Figure legends:

Fig. 1. Experimental setup. A. Shape and position of the hippocampus in the human and rat brains and the position of recording electrodes.  B. Histological illustration of the tetrode tracks and electrocoagulation lesion of the tips (insets) in the ventral CA3 pyramidal layer and subiculum. C. Testing environments. 7-arm radial maze, with 2 open arms and 5 arms with 35 cm high blue (2 arms) and black (3 arms) walls. Zigzag maze had 30 cm high blue walls. D. Representative neurons in the open field, radial maze and zigzag maze from the dorsal CA1, and CA3 and ventral CA3 and subicular regions. Arrows indicate direction of travel. Numbers indicate peak firing rates. See also Sfigs. 1-2.

Fig. 2. Differential representation of radial maze in the dorsal and ventral hippocampal regions. A. Color-coded, normalized firing rates of all principal neurons in each arm. Each line is a single cell. Illustrative examples from each region are shown on the right. The arms of the radial maze were ‘linearized’ and concatenated. Outbound (reward) and inbound travels are shown separately. Black arrows indicate increase of neuronal firing at the place fields in opposite direction of travel. Note that whereas dorsal neurons typically fire on one arm, ventral neurons fire on multiple arms. B. Similar display as in A but similar arm types are juxtaposed. Several ventral neurons differentiated open arms (white arrows) from walled arms (blue and black arrows).  C. Activity fields (left) and sizes (right) of dorsal and ventral neurons on each arm. Note large variability and slightly larger field sizes in the ventral regions. Arrow indicates median. See also Sfigs. 4-6. 
Fig. 3. Differential representation of zigzag maze in the dorsal and ventral hippocampal regions. A. Color-coded, normalized firing rates of all principal neurons in the zigzag maze. The arms of the maze were ‘linearized’ and concatenated. Vertical lines separate respective segments. Each horizontal line is a single cell. Illustrative examples from each region are shown on the right. Rightward and leftward travels are shown separately. Note that CA1 pyramidal cells fire at similar positions of the repeating corridor patterns, reflected by two diagonal bands (upper left panel). B. Symmetry index for neurons in each region. Note that firing patterns of many ventral neurons mirror firing patterns on opposite directions of travel. C. Field size of neurons. Individual cells are sorted according to field size during leftward travel. Arrow indicates median. See also Sfigs. 8-9. 
Fig. 4. Differential oscillatory properties of dorsal and ventral hippocampal neurons. A. LFPs from the dorsal (dCA1, dCA3) and ventral (vCA1, vCA3) pyramidal layer. B. Left, sketch of the hippocampus, indicating CA3 recording locations at various distances from the ventral tip, with ‘whitened’ power spectra from respective locations. Right, Powers spectra from various CA1 and CA3 locations (as shown in A).  C. Color-coded autocorrelograms of interneurons and pyramidal cells, sorted by the magnitude of theta modulation strength. Each line is a single neuron. White line, population mean.  D. Coherence between dorsal and ventral signal, and theta-phase modulation (dCA1) of gamma power at ventral (vCA3) locations.
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Supplementary Material

Supplementary Experimental Procedures

Chronic animal surgery.  For chronic experiments, 6 Long Evans rats (male, 250-400g) were deeply anesthetized with isoflurane. Details of surgery and recovery procedures have been described earlier (Csicsvari et al., 2003). Various electrodes were implanted for unit and LFP recording. All rats had 8 independently movable wire tetrodes aimed to record from the dorsal (1 tetrode) and ventral part of the hippocampus (7 tetrodes). Tetrodes were inserted at AP -4 to -6.4 ML 2 with a 17 degree incidence angle, in order to reach ML 2.6 at 2 mm depth (dorsal) and ML 4.5 at 8 mm depth (ventral).  In 2 of the rats, an high density 32-site silicon probe (4-shanks ‘octrode’ (15 µm spacings in each shank), attached to a movable microdrive, (Bartho et al., 2004), were implanted in the dorsal hippocampus (AP -4, ML 2.6). In all experiments ground and reference screws were implanted in the bone above the cerebellum. At the end of the physiological recordings, a small DC current (5 uA, 10 sec) was applied to selected sites and the rat was deeply anesthetized and perfused with a fixative. The position of the electrodes was confirmed histologically. 
Behavioral training and testing.  The animals were trained for two weeks before surgery in the 3 mazes (open, radial and zigzag). For the radial and zigzag maze experiments, the animals were deprived of water for 24h before the tasks. The same procedures were used for training and testing.

Open maze: the animals were trained to forage for small pieces (~3x3mm) of fruit loops (Cereal Kelloggs) thrown one at a time from behind a curtain.  The next piece was thrown only after the animals found the previous one.  

Radial maze:  The animals were trained to seek for water rewards at the end of each arm. Equal amount of water (20 µl) was added in all water wells regularly (~every 30s), so that the wells that haven’t been visited for the longest time accumulated more water. This way the animals learned to visit all arms in about the same amount.

Zigzag maze:  The animals learned to run back and forth between the 2 water wells.  100 ul of water was delivered at each well.

Data acquisition and processing.  Wide-band extracellular signals were preamplified (20x) and digitized at 32 kHz sampling rate and stored for offline analysis (NeuraLynx, MT). Raw data were preprocessed using custom-developed suite of programs (Csicsvari et al., 1999). Wide-band signal was downsampled to 1.25 kHz and used as the local field potential (LFP) signal. For spike detection, the wide-band signal was high-pass filtered (>0.8 kHz). Single units were isolated semi-automatically by a custom-developed clustering analysis program KlustaKwik (http://klustawik.sourceforge.net) (Harris et al., 2000) and refined manually using custom-made software (http://klusters.sourceforge.net; (Hazan et al., 2006). For tracking the position of the animals, two small light-emitting diodes, mounted above the headstage, were recorded by a digital video camera.

Local field potential (LFP) and extracellular unit activity were analyzed by custom-written, MATLAB-based programs
Data analysis and display

Pyramidal cells and interneurons separation: Cells with a mean firing rate >10 Hz and with firing field > 5 units??covering more than 80% of the mazes area where classified as putative interneurons. Other cells were classified as pyramidal cells.

2-dimensional (2D) firing field plots: The open field and maze areas were divided into 200x200 pixels. The number of spikes and occupancy times were calculated in each pixel to generate spike count and occupancy time matrices. Both matrices were smoothed by convolving them in 2-D with a gaussian function (5 pixels half-width). A ratio of ‘spike count/ occupancy’ was plotted (‘rate maps’). Only pixels with occupancy time > 200ms are represented in the figures. For the zigzag maze plots, the ventral cells were smoothed using a larger gaussian function (15 pixels half-width). This was done to compensate for the stronger sparseness of spikes due to the larger fields of ventral cells.  

1-D firing field vectors: The 2-D position of the rat was projected along the axes of the arms of the maze. Each ‘linearized’ arm of the radial and zigzag maze was divided into 100 equal pixels (50 pixels for the zigzag maze’s end arms) and the number of spikes and occupancy times were calculated. The spike counts and occupancy vectors obtained were smoothed by convolving them with a gaussian function (5 pixels half-width). The firing field vector was represented as the ratio of ‘spikes count vectors’ / ‘occupancy vectors’. 

Fig. 2A-B and Fig. 3. One-dimensional color-coded firing fields: For each cell, firing field vectors of all arms were concatenated into a single row and ‘row vectors’ were stacked into a single matrix to represent all cells. The rows order was sorted according to the neuron’s center of mass value. The centers of mass were calculated over both travel directions for Fig. 2A and and for one direction for Fig. 2B and Fig. 3A. For Fig. 3A, the ventral cells were smoothed using a larger gaussian function (15 pixels half-width).  

Fig. 2C. One-dimensional color-coded single arm firing field activity and size: firing field vectors for all arms with a peak rate > (0.5x the cells peak rate) were stacked into a single matrix row. For field activity, the rows order was sorted according to their center of mass value. For field size, each row’s pixels were sorted by increasing value. The rows order was sorted by increasing field size (field size was defined as the number of pixels with value > 20% of peak rate).

Fig. 3C. One-dimensional  color-coded firing field activity and size: For each cell, firing field vectors for all arms were concatenated into a single row and ‘row vectors’ for all neurons were stacked into a single matrix. Each row’s pixels were sorted by increasing value. The cell order was sorted by increasing field size for one travel direction (field size was defined as the number of pixels with value 20% of peak rate). 

Fig. 4C. color-coded autocorrelogram plots: autocorrelograms for all neurons were implemented with a time bin of 10 ms, and stacked into a single matrix. The power spectrum of each autocorrelogram trace was also calculated and its mean value between 6 to 9 Hz was used as a measure of the magnitude of theta modulation. The cells were sorted according to the magnitude of theta modulation. 

Supplementary Figures

Figure S1. Firing fields of neurons in the dorsal subiculum. Histology indicates the electrode track and lesion of the recording site in the pyramidal layer. Direction of travel in the radial maze and zigzag maze is indicated by white arrows. Numbers indicate peak firing rates.
Figure S2. Firing fields of neurons in the ventral CA1 pyramidal layer. Histology indicates the electrode track and lesion of the recording site the pyramidal layer. Direction of travel in the radial maze and zigzag maze is indicated by white arrows. Numbers indicate peak firing rates.
Figure S3. Firing fields in 2-D. Firing fields of representative pyramidal cells and interneurons from the dorsal (A) and ventral (B) regions. Note well-defined ‘place fields’ of dorsal pyramidal cells (O’Keefe and Nadel, 1978; Muller et al., 198?) and lack of place fields with sharply defined boundaries of ventral neurons. Such dispersed firing patterns characterized all ventral neurons. C. Distribution of firing fields areas for dorsal CA1 and CA3 (d CA1, d CA3) and ventral CA3 (v CA3) pyramidal cells. 

Figure S4. DH neurons have discrete place fields in the radial maze. Representative neurons from the dorsal CA1 (dCA1) and dorsal CA3 (dCA3) regions in the radial maze. Firing patterns of these neurons largely confirm previous observations (McNaughton et al., 1983; Sharp FOR SUBIC??; OTHERS?). Note that dCA3 neurons more strongly discriminate between outgoing (reward) and ingoing (center) travels by their firing patterns than dCA1 pyramidal cells (i.e., they more strongly ‘orthogonalize’ representations; Leutgeb et al., 2004; Knierim ??? ). 

Figure S5. Firing patterns of VH neurons in the radial maze. Representative neurons from the ventral CA3 (vCA3) and ventral subiculum (v Subiculum) regions from different rats (chr 16-19). Ventral neurons only exceptionally had discrete (single) arm representation (bottom). Neurons which discriminated arm types (open vs. walled) are shown separately. Note that ventral neurons typically fire on multiple arms but discriminate strongly the directions of travel (ingoing vs outgoing).

Figure S6. Firing patterns of dorsal and VH neurons in the radial maze. (Supplementary information for Fig. 2). A. Distribution of arm representation of principal neurons.  Note strong differences between dorsal and ventral neurons, with ventral neurons typically active in multiple arms (definition of ‘active arm’: arm with peak rate > 40% cell’s peak rate on the most active arm). B. Supplementary information for Fig. 2C, showing results for both directions of travel. C.  Supplementary information for Fig. 2B, showing firing patterns of dorsal CA1 and CA3 pyramidal cells in different types of arms. Single dorsal neurons do not discriminate between arm types.

Figure S7. Firing patterns of interneurons in the radial maze. Dorsal interneurons show elevated firing rates at multiple arms and locations. Ventral interneurons also have multiple firing fields but they strongly differentiate between ingoing and outgoing travels and arm types, similar to ventral pyramidal neurons.

Figure S8. DH neurons have discrete place fields in the zigzag maze. Representative neurons from the dorsal CA1 (dCA1) and dorsal CA3 (dCA3). In contrast, subicular neurons rarely have definable place fields (Sharp et al.??). Note the strong tendency of dCA1 pyramidal neurons to show identical place fields at similar positions in the repeating corridors. dCA3 neurons, in contrast, more effectively discriminate the repeating corridors. Both dCA1 and dCA3 neurons have distinct place field in opposite journeys (left travel vs righ travel).

Figure S9. Firing patterns of VH neurons in the zigzag maze. Representative neurons from the ventral CA3 (vCA3) and ventral subiculum (v Subiculum) in different rats (chr 16-19). Neurons with symmetric firing fields are shown separately. Note the strong tendency of ‘symmetric” neurons to fire at different locations but at approximately same distance from the goal (water reward) or from start.

Figure S10. Firing patterns of interneurons largely reflect behavior of principal cells in the zigzag maze. Note that dorsal interneurons show elevated firing rates at similar positions in the repeating corridors. In contrast, ventral interneurons show travel direction-symmetric fields (inset).

Figure S11. Phase precession of spikes in the VH. A. Double place field of a dorsal CA3 neuron in the in the upper short arm (yellow) of the zigzag maze. Each dot corresponds to the coordinate of theta-phase of spike as a function of position in the linearized zigzag maze for a dorsal CA3 neuron. Right, distance is magnified to illustrate the slope of phase precession (O’Keefe and Recce, 1993). B. Similar display for a ventral CA3 neuron with the most robust phase precession of all ventral cells. The neuron had large double firing fields in both directions of travel and visible spike phase-position relationship (similar as in Kjelstrup et al., 2008). Theta phase was derived from the locally recorded and filtered (5-11 Hz) signal. Note phase-independent spiking of the neuron in the upper short arm (yellow).  
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