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Abstract 1 

Plasticity within hippocampal circuits is essential for memory functions. The hippocampal CA2/CA3 2 

region is thought to be able to rapidly store incoming information by plastic modifications of synaptic 3 

weights within its recurrent network. High-frequency spike-bursts are believed to be essential for this 4 

process, by serving as triggers for synaptic plasticity. Given the diversity of CA2/CA3 pyramidal neurons, 5 

it is currently unknown whether and how burst activity – assessed in-vivo during natural behavior – 6 

relates to principal cell heterogeneity. To explore this issue, we juxtacellularly recorded the activity of 7 

single CA2/CA3 neurons from freely-moving male mice, exploring a familiar environment. In line with 8 

previous work, we found that spatial and temporal activity patterns of pyramidal neurons correlated with 9 

their topographical position. Morphometric analysis revealed that neurons with a higher proportion of 10 

distal dendritic length displayed a higher tendency to fire spike-bursts. We propose that the dendritic 11 

architecture of pyramidal neurons might determine burst-firing by setting the relative amount of distal 12 

excitatory inputs from the entorhinal cortex. 13 

 

 

Significance Statement 14 

High-frequency spike-bursts are thought to serve fundamental computational roles within neural circuits. 15 

Within hippocampal circuits, spike-bursts are believed to serve as potent instructive signals, which 16 

increase the efficiency of information transfer and induce rapid modifications of synaptic efficacies. In 17 

the present study, by juxtacellularly recording and labeling single CA2/CA3 neurons in freely-moving 18 

mice, we explored whether and how burst propensity relates to pyramidal cell heterogeneity. We provide 19 

evidence that within the CA2/CA3 region, neurons with higher proportion of distal dendritic length 20 

display a higher tendency to fire spike-bursts. Thus, the relative amount of entorhinal inputs – arriving 21 

onto the distal dendrites – might determine the burst propensity of individual CA2/CA3 neurons in-vivo 22 

during natural behavior.   23 
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Introduction 24 

The ability to encode, store and retrieve episodic experiences critically depends upon the hippocampus. 25 

The fundamental units of hippocampal representations are ‘place cells’ – neurons which encode the 26 

animal’s location in space (O’Keefe, 1976; O’Keefe and Nadal,1978), as well as other behaviorally-27 

relevant stimuli (Eichenbaum, 2017). According to current theories, the individual events of episodic 28 

experiences are rapidly associated and stored as unique patterns of hippocampal place cell activities. 29 

These rapid associations are thought to be supported by plastic synaptic changes within the CA2/CA3 30 

network, which – by means of its strong recurrent collaterals – is able to rapidly store (and retrieve) 31 

specific patterns of place cell activities (Rolls and Treves, 1994; Knierim and Neunuebel, 2016). 32 

Computational and experimental evidence indicates that spike-bursts – trains of action potentials fired in 33 

rapid succession (<6 ms interspike interval) – are likely to play a crucial role for the rapid formation (as 34 

well as retrieval) of memory engrams (Treves and Rolls, 1992; Kaifosh and Losonczy, 2016). For 35 

example in the CA1 region, spike-bursts can be evoked by the concomitant activation of proximal and 36 

distal inputs (Takahashi and Magee, 2009), thus acting as an associative signal, which can induce plastic 37 

changes at the activated synapses (Bittner et al., 2017). Indeed, the artificial induction of spike-bursts in 38 

individual hippocampal pyramidal (Pyr) neurons can rapidly modify place-cell activity (Diamantaki et al., 39 

2018) and induce the emergence of place fields in silent neurons (Bittner et al., 2015, 2017). The 40 

importance of spike-bursts on hippocampal coding is also highlighted by the fact that bursty-neurons are 41 

more likely to be recruited in the engram (Epsztein et al., 2011; Mizuseki et al., 2011; Rich et al., 2014) 42 

and that evoking a single spike-burst in individual Pyr neurons was shown to be sufficient for initiating 43 

network synchronization (de la Prida et al., 2006; Wittner and Miles, 2007; Marissal et al., 2012). 44 

Altogether, this evidence indicates that spike-bursts can function as potent instructive signals within 45 

hippocampal circuits, which are likely to contribute to its associative mnemonic functions.  46 

 47 

In order to resolve the cellular mechanisms of spike-burst generation, it is necessary to understand 48 

whether and how burst propensity relates to Pyr cell diversity. Hippocampal Pyr neurons have been 49 
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classically assumed to be a relatively homogenous population; however, recent work has demonstrated 50 

that their structural and functional properties change systematically according to topographical position 51 

(Ishizuka et al., 1995; Nakamura et al., 2013; Lee et al., 2015; Lu et al., 2015; Oliva et al., 2016; Sun et 52 

al., 2017; Fernandez-Lamo et al., 2019; Raus Balind et al., 2019). Specifically, in-vivo extracellular work 53 

has shown that on average, the tendency of neurons to fire spike-bursts changes gradually along the 54 

CA2/CA3 proximo-distal axis (Oliva et al., 2016) – in line with the graded changes in neuronal 55 

morphology, input-output connectivity, intrinsic properties and molecular expression profiles (Ishizuka et 56 

al., 1995; Sun et al., 2017; Fernandez-Lamo et al., 2019). Notably, even within the same topographical 57 

level, Pyr neurons are heterogeneous, thus raising the possibility that different neuronal morphologies 58 

could show distinct tendencies to fire spike-bursts – as supported by recent work in-vitro (Marissal et al., 59 

2012; Raus Balind et al., 2019) and in the anesthetized brain (Hunt et al., 2018). However, whether and 60 

how the burst-propensity of single neurons – assessed in-vivo during natural behavior – relates to 61 

morphological Pyr cell heterogeneity, has remained unresolved. 62 

 63 

To bridge this gap, we took advantage of recently optimized juxtacellular recording techniques, 64 

adapted to freely-moving mice (Diamantaki et al., 2018) which allowed us to monitor the activity of 65 

single CA2 and CA3 neurons while the animals explored a familiar environment. Our data align with 66 

previous work, and indicate that topographical location is a strong determinant of in-vivo Pyr cell activity. 67 

We extend these observations by showing that neurons with distinct dendritic architectures display 68 

different tendencies to fire spike-bursts. We propose that dendritic architecture might control burst-firing 69 

during exploratory behavior by selecting the amount and origin of incoming excitatory inputs. 70 
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MATERIALS and METHODS 71 
 72 
Juxtacellular Recordings 73 
All experimental procedures were performed according to German guidelines on animal welfare under the 74 
supervision of local ethics committees.  75 
Experimental procedures for obtaining juxtacellular recordings, signal acquisition and processing, and 76 
animal tracking in freely-moving male wild-type C57BL/6J (>6 weeks old; Charles River) were 77 
essentially performed as described previously (Tang et al., 2014; Diamantaki et al., 2018). Glass 78 
electrodes with resistance 4–6 MΩ were filled with 1.5-2% Neurobiotin (Vector Laboratories) in Ringer's 79 
solution containing (in mM): 135 NaCl, 5.4 KCl, 5 HEPES, 1.8 CaCl2, and 1 MgCl2 or Intracellular 80 
solution containing (in mM): 135 K-gluconate, 10 HEPES, 10 Na2-phosphocreatine, 4 KCl, 4 MgATP, 81 
and 0.3 Na3GTP. Osmolarity was adjusted to 280–310 mOsm. Briefly, animals were pre-implanted with a 82 
10-pins connector, a metal post and a recording chamber under ketamine/xylazine anesthesia, and a 83 
craniotomy was performed at the coordinates for targeting the dorsal hippocampus (1.6 mm posterior and 84 
2.3 mm lateral from bregma). Before juxtacellular recordings, mapping experiments with low resistance 85 
electrodes (0.5–1MΩ) were performed to precisely estimate the location of the dorsal CA2 and CA3 86 
region. Juxtacellular recordings in freely-moving mice were obtained by means of a miniaturized 87 
micromanipulator (secured onto a custom-made base) and an ELC miniature headstage (connected to the 88 
pre-implanted pin-connector), as previously described (Diamantaki et al., 2018). Recordings were 89 
performed while animals collected food pellets in an O-shaped, linear maze (70x50 cm, 9 cm wide path, 90 
16 cm high walls). Juxtacellular labelling was performed according to standard procedures (Pinault, 1994, 91 
1996) with 200ms-long squared current pulses. The juxtacellular voltage signal was acquired via an ELC 92 
miniature headstage (NPI Electronic), and an ELC-03XS amplifier (NPI Electronic), sampled at 20kHz 93 
by a POWER1401-3 analog-to-digital interface under the control of Spike2 Software (CED, Cambridge, 94 
UK). The location of the animal was tracked using two LEDs (red and blue) mounted on the mouse's 95 
head. The LEDs position was acquired via a video (25 Hz frame rate) with the IC Capture Software (The 96 
Imaging Source). 97 
 98 
Dataset and Cell Identification 99 
Recordings were performed at the coordinates for targeting the dorsal CA2/CA3 (see paragraph 100 
‘Juxtacellular recordings’ above). The Pyr cell layer could be reliably identified by characteristic features 101 
of the local field potential (LFP) activity (e.g. sharp-wave / ripple complexes) as well as multi-unit 102 
activity, which was prominent within the layer when the animals were either anesthetized or awake 103 
resting. Entry into the strata radiatum (SR) and lacunosum moleculare (SLM) was usually associated with 104 
a drop in the electrode resistance and a progressive increase in the amplitude of LFP theta waves 105 
(Buzsáki, 2002). Thus electrode resistance, extracellular multi-unit activity, LFP theta, sharp-wave/ripple 106 
activity and juxtacellular hit-rates served as reliable correlates of the electrode location within the 107 
CA2/CA3 Pyr layers. Indeed, histological analysis confirmed the expected electrode location, since in the 108 
large majority of the cases (50 out of 53) where the electrode was expected to be in the CA2/CA3 Pyr 109 
layers, neurons (or recording sites) within the CA2 or CA3 Pyr layer were recovered. Only in 3 cases a 110 
CA1 neuron was recovered (not included in further analysis). The exact recording location was confirmed 111 
by post-hoc histological analysis and immunohistochemistry for the CA2-specific marker PCP4 (Kohara 112 
et al., 2014). This staining (along with others, Lein et al., 2005) clearly outlines the CA2 region as a 113 
cytochemically distinct region, which partially overlaps with anatomical boundaries. The soma of all 114 
identified Pyr neurons assigned to CA2 was located within the PCP4-positive area (see Fig. 2). In our 115 
dataset, two neurons were positive for PCP4, but were located within the CA3a (see Fig. 5). For 116 
consistency, these neurons were classified as CA3a neurons according to their anatomical locations, 117 
although their morphological and electrophysiological features (see Fig. 4N) tended to be more similar to 118 
the CA2 population. 119 
The dataset of recordings in freely-moving animals includes 174 recordings from active neurons, which 120 
were assigned to the CA2/CA3 region (a subset of recordings were reported previously in Diamantaki et 121 
al., 2018). Consistent with previous work, a considerable fraction of recorded neurons were silent during 122 
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exploration of the environment (not shown), and these silent recordings were not included in the present 123 
analysis. Recordings were classified as Pyr or fast-spiking (FS) neurons based on firing rate and spike-124 
width criteria, as previously described (Preston-Ferrer et al., 2016; see Fig. 1A). FS classification criteria 125 
were confirmed by cell identification. In all cases, where a neuron with a narrow spike waveform (<0.4ms 126 
peak-to-trough) was labelled, a neuron displaying interneuronal morphological features was recovered 127 
(n=3 FS neurons in freely-moving animals, Fig. 1A; n=2 FS neurons in anesthetized animals, not shown), 128 
consistent with previous observations (Fox and Ranck, 1981; Buetfering et al., 2014; Preston-Ferrer et al., 129 
2016; Ognjanovski et al., 2017). In total, 26 Pyr cells and 3 FS interneurons were labelled and recovered 130 
in the CA2/CA3. Principal cells were morphologically classified as ‘pyramidal’ if a pyramidal-shaped 131 
soma and at least a prominent apical dendrite could be identified. The apical dendritic morphology of 21 132 
out of 26 Pyr neurons was reconstructed; these were selected for morphological analysis due to their high-133 
quality filling (of these, 17 neurons met the criteria for burstiness and were included in the analysis; Fig. 134 
4N). In additional 24 putative Pyr recordings, the recording site could be assigned based on post-hoc 135 
histological analysis (e.g. the recovery of electrode tracks and/or remains of cell debris). Altogether, 136 
including the identified recordings, the anatomical location of 50 Pyr recordings could be assigned along 137 
the proximo-distal CA2/CA3 axis (Fig. 3). CA3a and CA3b were defined as equally-wide subregions 138 
from proximal CA2 until distal CA3c (Oliva et al., 2016) with CA3c being the portion between the 139 
dentate gyrus blades (see also Scharfman, 1993; Scharfman and Myers, 2012; Hunsaker et al., 2008). The 140 
relative location of the recorded neurons along the transverse CA2/CA3 axis was determined, with 0 141 
assigned to the CA2/CA1 border (defined either by the PCP4 immunohistochemistry or relative 142 
thickening of pyramidal layer) and 1 to CA3b/CA3c border. We note that the conclusions of the present 143 
study do not critically depend upon the definition of the CA3a/b boundary, since the analysis was based 144 
on normalized somatic locations along the proximo-distal axis (as e.g. in Fig. 3 and Fig. 4). Moreover, 145 
removing the few neurons (n=2, see Fig. 4N) which were located around the CA3a/b boundary did not 146 
affect the conclusions (R2=0.53; P=0.001). 147 
 148 
Immunohistochemistry and Neuronal Reconstruction  149 
For histological processing, animals were euthanized with an overdose of pentobarbital and perfused 150 
transcardially with 0.1 m PBS followed by a 4% paraformaldehyde solution. Brains were sliced on 151 
vibratome (VT1200S; Leica) to obtain 70-μm-thick coronal sections. To reveal the morphology of 152 
juxtacellularly labeled cells (i.e., filled with neurobiotin), brain slices were processed with streptavidin-153 
546 (Life Technologies) as described previously (Diamantaki et al., 2018). Immunohistochemical 154 
stainings for PCP4 were performed with the rabbit anti-PCP4 (cat.no.HPA005792, Sigma-Aldrich), as in 155 
previous work on hippocampal CA2 (e.g. Botcher et al., 2014; Hitti and Siegelbaum, 2014; Kohara et al., 156 
2014; Meira et al., 2018). PCP4 expression within the hippocampus was consistent with previous work, 157 
with high immunoreactivity being observed in the CA2, granule cell layer and fasciola cinerea (e.g. 158 
Kohara et al., 2014; Leroy et al., 2018; Alexander et al., 2018; Swanson and Hahn, 2019) as well as 159 
scattered expression within the proximal CA1 and CA3a (e.g. San Antonio et al., 2014; Fernandez-Lomo 160 
et al., 2019; Swanson and Hahn, 2019). Immunostainings were performed on free-floating sections as 161 
described previously (Ray et al., 2014). Fluorescent images were acquired by epifluorescence microscopy 162 
(Axio imager; Zeiss). After fluorescence images were acquired, the neurobiotin staining was converted 163 
into a dark DAB reaction product followed by Ni2+-DAB enhancement protocol (Klausberger et al., 164 
2003). Neuronal reconstructions and quantifications of dendritic lengths were performed manually on 165 
DAB-converted specimens with Neurolucida software (MBF Bioscience), and displayed as 2D 166 
projections. The ‘dendritic ratio’ was defined as the total apical dendritic length within the SLM divided 167 
by the total apical dendritic length. Digital reconstructions were not corrected for tissue shrinkage. 168 
However, from several measurements, shrinkage was determined to be ~40-50% along the z-axis, and 169 
negligible along the xy axes (~10%). Z-axis shrinkage correction led to qualitatively similar results and 170 
did not alter the statistical significance of our findings.  171 
 172 
Analysis of Electrophysiology Data 173 
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Spike signals from juxtacellular voltage traces were manually isolated with the help of principal 174 
component analysis via custom-made codes written in MATLAB, as described previously (Burgalossi et 175 
al., 2011). The ‘burst index’ was used as a measure of bustiness, and defined (as in Neunuebel and 176 
Knierim, 2012; Hunt et al., 2018) as the sum of spikes with an ISI < 6ms, divided by the total number of 177 
spikes. The ‘theta-index’ was used as a measure of spiking rhythmicity in the theta frequency range, and 178 
it was computed as in Yartsev et al. (2011) and defined as the average power within 1Hz of the maximum 179 
of the autocorrelation function in the theta band divided by the average power between 1 and 50Hz. Only 180 
spike trains with ≥40 spikes included in the analysis of burstiness and theta-rhythmicity. Recordings (or 181 
portions of recordings) in which cellular damage was observed (e.g. spike-shape broadening, increase in 182 
firing rate accompanied by negative DC-shifts of the juxtacellular voltage signal, as described in Pinault, 183 
1996; Herfst et al., 2012) were excluded from the analysis. In the present study (in line with previous 184 
work; Epsztein et al., 2011; Lee et al., 2012; Diamantaki et al., 2016, 2018), a linear circular maze was 185 
used for enabling the assessment of spatial modulation in CA2/CA3 Pry neurons within shorter recording 186 
durations compared to extracellular recordings.  187 
 188 
Experimental design and statistical analysis. 189 
No statistical methods were used to predetermine sample sizes, but our sample size estimates were based 190 
upon previous work addressing structure-function relationships of single neurons with similar techniques 191 
(e.g. Diamantaki et al., 2016; Preston-Ferrer et al., 2016; Tang et al., 2014, 2015). Our samples are similar 192 
to those reported in previous publications. Neuronal reconstructions and morphological analysis were 193 
performed blind to the electrophysiological data. Statistical analysis was performed with MATLAB. For 194 
linear regressions, adjusted coefficients of determination (R2) are reported. Statistical significance was 195 
assessed by a two-sided Wilcoxon rank-sum test with 95% confidence intervals (Holm-Bonferroni 196 
correction for multiple comparisons). Data are presented as mean ± SD, unless indicated otherwise.  197 
 198 
Analysis of Spatial Modulation 199 
The position of the mouse was defined as the midpoint between two head-mounted LEDs. For computing 200 
color-coded firing rate maps, only spikes during movement (>1cm/s) were included. Space was 201 
discretized into pixels of 2.5 x 2.5 cm, for which the occupancy (z) of a given pixel x was calculated as 202 ( ) = (| − |)∆  

where xt is the position of the mouse at time t, Δt the inter-frame interval, and w a Gaussian smoothing 203 
kernel with σ = 0.5 cm. Then, the firing rate (r) was calculated as  204 ( ) =  ∑ (| − |)

 
where xi is the position of the mouse when spike i was fired. The firing rate of pixels, whose occupancy 205 
(z) was less than 20 ms, was not shown.  206 
The spatial information of a cell in bits per spike is calculated as (Markus et al., 1994) 207 = ∗ ( ) ∗ ( )  

where  is the probability of the animal being in n-th pixel bin,  is the mean firing rate in the n-th 208 
pixel bin, and λ is the overall mean fire rate of the cell.  209 
To assess the statistical significance of spatial modulation, a standard shuffling procedure was used. 210 
Specifically, for each trail of the shuffling procedure, spike times were randomly time-shifted within ±10 211 
s window, with shifted spike times exceeding the total duration of a recording being wrapped around to 212 
the beginning of the recording. For each permutation, the spatial information was calculated, and the 213 
procedure reiterated 1000 times to generate a null distribution for each cell. A cell was defined as ‘place 214 
cell’ when (i) its spatial information exceeded the 95th percentile of its null distribution (i.e. significantly 215 
spatially-modulated), and (ii) at least one place field < 300 pixels was detected. In our dataset, 21 out of 216 
50 Pyr recordings, where anatomical location could be assessed, were significantly spatially-modulated 217 
(p<0.05); the large majority of them were classified as ‘place cell’ (19 out of 21) and displayed a single 218 
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place field (18 out of 19). In the remaining two recordings, a place field could not be detected (total pixels 219 
>300). The ‘in-field firing rate’ was calculated as the average firing rate over all place field pixels. To 220 
calculate the size of the place fields, a firing field was considered as at least 40 contiguous pixels with 221 
average firing rate exceeding 20% of the peak firing rate (Leutgeb et al., 2007; Neunuebel and Knierim, 222 
2012).  223 



Ding et al.                            JN-RM-0099-20  Structure-function analysis in CA2/CA3 
 
 

9 
 

Results 224 

Juxtacellular recordings and classification of CA2 and CA3 neurons. 225 

To explore the structural correlates of neuronal activity in the CA2/CA3 region of the dorsal 226 

hippocampus, we employed recently optimized juxtacellular recording procedures (Diamantaki et al., 227 

2018) for monitoring the activity of single neurons while mice explored a familiar circular arena. 228 

Altogether, we juxtacellularly recorded 174 hippocampal neurons from freely-moving mice. Neurons 229 

were classified as putative pyramidal neurons (Pyr, n=140) or fast-spiking interneurons (FS, n=19) based 230 

on spike-width and firing rate criteria (Fig. 1A). These criteria were consistent with previous studies (e.g. 231 

Fox and Ranck, 1981; Sik et al., 1995; Preston-Ferrer et al., 2016) and were further confirmed by 232 

juxtacellular labeling procedures, in that all identified neurons, for which morphology could be assessed, 233 

were correctly classified as Pyr cells (n=26) or FS interneurons (n=3) (Fig. 1A; see details in Materials 234 

and Methods).  235 

A representative CA2 Pyr neuron, recorded in a freely-moving mouse, is shown in Fig. 1B-F. This 236 

neuron displayed classical morphological features of hippocampal Pyr cells (Fig. 1B), e.g. an apical 237 

dendritic tree which extends within the stratum radiatum (SR) and stratum lacunosum-moleculare (SLM), 238 

while basal dendrites are largely restricted to the Stratum Oriens (SO). Consistent with the CA2 location – 239 

but unlike CA3 Pyr cells (Li et al., 1994; Ishizuka et al., 1995) – this neuron did not display complex 240 

spines (thorny excrescences) on the dendrites (not shown). During spatial exploration, this neuron 241 

displayed spatially-localized spiking (Fig. 1C), a defining signature of place cell activity. Consistent with 242 

our Pyr cell classification criteria, this neuron fired at a low rate (average firing rate: 0.65 Hz) and 243 

displayed broad spike waveform (Fig. 1D; peak-to-trough time = 0.85 ms). A large fraction of spikes 244 

occurred within bursts and was rhythmically entrained by LFP theta oscillations (4-12 Hz; Fig. 1E-F).  245 

Three identified neurons displayed the classical morphological features of interneurons. A 246 

representative example of a FS interneuron, recorded in a freely-moving mouse, is shown in Fig. 1G-K. 247 

The soma of this neuron was located within the CA3 pyramidal layer. A dense axonal plexus was 248 

recovered (and only partially reconstructed in Fig. 1G) which extended primarily within the Pyr layer, but 249 
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also within the neighboring SR and SO. Consistent with our FS cell classification criteria, this neuron 250 

fired at a high rate (average firing rate: 59.2 Hz; Fig. 1H) and displayed narrow spike waveform (Fig. 1I; 251 

peak-to-trough time = 0.25 ms). During spatial exploration, spiking activity was not spatially selective 252 

(Fig. 1H) and it was entrained by the LFP theta oscillations (Fig. 1J,K).  253 

Altogether, in our dataset, 140 neurons were classified as Pyr and 19 as FS interneurons. As expected, 254 

Pyr neurons fired at much lower rates (Fig. 1L; average firing rates: Pyr, 2.16 ± 2.12 Hz; FS, 52.97 ± 255 

25.02 Hz; p=1.11e-24) and carried significantly more spatial information compared to FS neurons (Fig. 256 

1M; spatial information per spike: Pyr, 1.94 ± 1.63 bits; FS, 0.01 ± 0.04 bits; p=3.27e-17). Notably, the 257 

entrainment of spiking activity by theta LFP oscillations, as assessed by the standard ‘theta index’ (see 258 

Materials and Methods) was significantly lower in putative FS as compared to Pyr neurons (Fig. 1N; theta 259 

index; Pyr, 3.90 ± 2.49; FS, 2.97 ± 3.34; p=0.018). This is in remarkable contrast to other regions of the 260 

hippocampal formation – e.g. the CA1 region – where strong theta entrainment of spiking activity is a 261 

classical defining feature of putative FS interneurons (classically referred to as ‘theta cells’; Ranck, 1973). 262 

 263 

Spatial and temporal activity patterns of CA2 and CA3 neurons. 264 

Next, we compared the spatial and temporal spiking properties of CA2/CA3 Pyr neurons. For 265 

simplicity, recordings were assigned to CA2, CA3a or CA3b, based on cell identification or unequivocal 266 

assignment of the recording locations from post-hoc histology and PCP4 immunohistochemistry (details 267 

in Materials and Methods; see also Fig. 2). Altogether, 15 recordings could be assigned to the CA2, 21 to 268 

the CA3a and 14 to the CA3b region. In line with previous extracellular studies (Lee et al., 2015; Lu et al., 269 

2015; Oliva et al., 2016), a considerable fraction of active Pyr neurons along the proximo-distal CA2/CA3 270 

axis displayed spatially-localized activity (~38%; 19 out of 50 active neurons classified as place cells; see 271 

details in Materials and Methods). Representative recordings from identified place cells in the CA2, CA3a 272 

and CA3b regions are shown in Fig. 3A. The distribution of place cells tended to be lower in the CA2 (4 273 

out of 15) as compared to the neighboring CA3 region (15 out of 35), although this trend did not reach 274 

statistical significance. While average firing rates were not significantly different between CA2 and CA3 275 
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neurons (average firing rates: CA2, 1.97 ± 2.38 Hz; CA3, 1.74 ± 1.45 Hz; p=0.73), we observed a trend 276 

for higher average in-field firing rates for CA2 place cells (Fig. 3B,C).  277 

 278 

Next, we analyzed the burst propensity of CA2 and CA3 Pyr neurons. To this end, we computed the 279 

‘burst index’ (defined as the fraction of spikes with ISI ≤ 6ms; Neunuebel and Knierim, 2012; Hunt et al., 280 

2018) and calculated the fraction of spikes fired within bursts. We found that – in line with previous work 281 

(Oliva et al., 2016) – burst propensity and topographical location along the proximo-distal axis were 282 

significantly correlated (Fig. 3D,E; R2=0.30, p= 0.00013), with CA2 cells displaying the highest burst 283 

propensity, followed by CA3a and CA3b neurons (Fig. 3D-F). A similar trend along the proximodistal 284 

axis was also observed when burst indices were computed for place cells alone (not shown). CA2 neurons 285 

also fired significantly more spikes per bursts compared to neighboring CA3a and CA3b neurons (Fig. 286 

3G,H; R2=0.28, p=0.00048). 287 

In line with previous observations, this analysis indicates that spatial and temporal spiking properties 288 

of CA3 Pyr neurons are organized along a proximo-distal gradient, which extends to the CA2 region. 289 

Notably, while being less spatially-modulated (see also Cirulli et al., 2015; Lee et al., 2015; Oliva et al., 290 

2016), CA2 Pyr neurons are more excitable than neighboring CA3 Pyr cells, as indicated by their higher 291 

spiking rates and burst propensity (Fig. 3C,F). 292 

 293 

Structure-function relationships of CA2 and CA3 neurons 294 

Several structural and electrophysiological features of CA2 and CA3 Pyr neurons change according to 295 

their topographical location; however, even at the same proximo-distal level, morphologically- and 296 

electrophysiologically-distinct cell types are intermingled (Sun et al., 2017; Raus Balind et al., 2019), thus 297 

raising the question of whether and how Pyr cell diversity relates to in-vivo spiking patterns during 298 

behavior. Given the strong contribution of perforant path inputs to the generation of spike-bursts in CA2 299 

and CA3 Pyr neurons (Sun et al., 2014, 2017; Helton et al., 2019), we hypothesized that the proportion of 300 

dendritic length within the SLM could correlate with burst propensity. To address this question, we 301 
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reconstructed the dendritic morphologies of 17 Pyr neurons, which were selected for the morphological 302 

analysis due to their high-quality filling (see Materials and Methods). We focused our analysis on the 303 

apical dendritic morphology, and quantified the dendritic lengths in the input layers (SLM and SR). Fig. 304 

4A-L shows three representative recordings from identified CA2 and CA3 neurons. The CA2 305 

representative Pyr neuron displayed a large proportion of apical dendritic length within the SLM, as 306 

quantified by the ‘dendritic ratio’ (dendritic length within SLM / total dendritic length = 0.49; see Fig. 4A 307 

and Materials and Methods). During spatial exploration, this neuron displayed place-cell activity (Fig. 308 

4B) and a large proportion of spikes was fired at short ISIs (Fig. 4C,D; burst index = 0.55). Similar to the 309 

CA2 neuron, spiking activity of the representative CA3a and CA3b Pyr cells was also spatially-modulated 310 

(Fig. 4F,J); however, the proportion of dendritic length within the SLM displayed a decreasing trend 311 

towards CA3b (Fig. 4A,E,I) along with a reduced tendency to fire spikes at short ISIs (Fig. 4G,H, and 312 

4K,L). At the population level, we indeed found a significant correlation between burst index and 313 

dendritic ratios (Fig. 4M,N; R2 = 0.44, p = 0.0021), indicating that during unrestrained behavior, neurons 314 

with a higher proportion of dendritic length in the SLM display a higher burst propensity.  315 

Since a recent study proposed that bursting CA3 Pyr neurons comprise a novel Pyr cell class that lacks 316 

thorny excrescences (Hunt et al., 2018), we examined the morphological features of the proximal 317 

dendrites of our identified neurons. We confirmed that – in line with previous work (Li et al., 1994; 318 

Ishizuka et al., 1995) – all neurons which were classified as CA2 Pyr cells (n=5) lacked thorny 319 

excrescences, while 10 out of 12 neurons located within the CA3 region displayed (often multiple) thorny 320 

excrescences on their proximal dendrites. In the two remaining neurons – which were located in the CA3a 321 

region – we did not observe thorny excrescences; these two neurons were however positive for the CA2-322 

specific marker PCP4, indicating that they might represent ‘displaced’ CA2 cells (see Fig. 5). 323 

Altogether, these results indicate that along the CA2/CA3 proximo-distal axis, the burst propensity of 324 

individual Pyr neurons correlates with the relative amount of dendritic length sampling entorhinal inputs 325 

in the SLM. We propose that in-vivo, during spatial exploration, the relative weights of entorhinal versus 326 

associational inputs determines the bursting behavior of individual CA2 and CA3 neurons. 327 
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Discussion 328 

Resolving structure-function relationships within neural circuits is an essential step towards a 329 

mechanistic understanding of brain function. Structural variations in dendritic architecture - a key feature 330 

which determines the input field, as well as the integrative and computational properties of the neurons 331 

(Vetter et al., 2001; Schaefer et al., 2003; London and Häusser, 2005; Runyan and Sur, 2013; Stuart and 332 

Spruston, 2015) - are prominent even within the same cell class. In-vitro and modeling work has indeed 333 

demonstrated that variations in dendritic morphology alone can drastically impact neuronal function 334 

(Jaffe and Carnevale, 1999; Vetter et al., 2001; Krichmar et al., 2002; Schaefer et al., 2003; Weaver and 335 

Wearne, 2008) and have thus led support to the idea that neuronal function might follow structure 336 

(Connors and Regehr, 1996). It is however currently unknown whether and how the variability in 337 

dendritic architecture is related to neuronal activity in the intact system, i.e. in-vivo during behavior. 338 

 339 

In this study, we explored this issue in the CA2 and CA3 region of the rodent hippocampus. By 340 

recording and labelling single neurons in freely-moving mice we found that - in line with previous studies 341 

– the topographical location of Pyr neurons is a strong correlate of in-vivo activity patterns. Moreover, we 342 

showed that burst propensity of single Pyr neurons correlates with dendritic architecture: Pyr neurons 343 

with a higher proportion of dendritic length within the SLM (i.e. higher dendritic ratio, see Fig. 4N) 344 

displayed a higher tendency to fire spike-bursts. In the present study, we primarily focused on neuronal 345 

dendritic architecture, since it determines the input field of a neuron – and hence sets the amount and 346 

origin of excitatory inputs. Our results thus indicate that inputs from the entorhinal cortex are likely to 347 

play a crucial role for determining the in-vivo temporal spiking properties of CA2/CA3 Pyr neurons 348 

during natural behavior. Indeed, entorhinal input strength is strongest within the CA2 and decreases 349 

towards the proximal CA3 (Sun et al., 2014, 2017; Helton et al., 2019), paralleled by graded changes in 350 

the dendritic morphology of pyramidal neurons along this axis (Ishizuka et al., 1995; Sun et al., 2017). 351 

Future work will be required to extend the observations of the present study, and to resolve whether and 352 
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how other cellular features (e.g. axonal morphology, intrinsic properties and/or network mechanisms) 353 

contribute to in-vivo Pyr cell excitability (Kole, 2011; Thome et al., 2014; Rama et al., 2017).  354 

 355 

A recent study also proposed that spike-bursts might be preferentially contributed by a specific 356 

subclass of Pyr neurons which lack thorny excrescences on their proximal dendrites (Hunt et al., 2018). In 357 

our study all identified CA3 neurons displayed thorny excrescences (as in Raus Balind et al., 2019). The 358 

only two neurons lacking thorny excrescences were positive for the CA2-specific marker PCP4 (see 359 

Materials and Methods). Given that PCP4 labels scattered cells within the CA3a as well (Lein et al., 360 

2005; Sun et al., 2017; Hunt et al., 2018; Fernandez-Lamo et al., 2019), we speculate that athorny Pyr 361 

neurons within CA3 might be preferentially contributed by ‘displaced’ CA2 neurons. However, given the 362 

limited number of observations, we cannot exclude that athorny (PCP4 negative) CA3 Pyr neurons went 363 

undetected in the present study. 364 

 365 

Our results align with previous work, which demonstrated that structural and functional properties of 366 

CA2/CA3 neurons are organized topographically (Lee et al., 2015; Lu et al., 2015; Oliva et al., 2016). 367 

Specifically, place cell properties were shown to change gradually along proximo-distal axis. On average, 368 

CA2 units tended to be less spatially modulated and to display multiple place fields compared to the 369 

proximal and distal CA3 (Lee et al., 2015; Lu et al., 2015; Oliva et al., 2016). In our dataset − possibly 370 

due to the relatively small environment and shorter recording durations compared to previous 371 

extracellular studies – the large majority of spatially-modulated neurons displayed a single place field (see 372 

Materials and Methods and Fig. 3). Notably, place cells with single fields tended to be ‘sharper’ in CA2 373 

as compared to CA3, as indicated by the tendency towards higher in-field firing rates (Fig. 3B,C) and 374 

smaller place field sizes in CA2 (CA2, 53.3 ± 6.8 pixels; CA3, 95.3 ± 48.8 pixels; p=0.033). However, 375 

the lower proportion of place cells in CA2, along with the relative instability of their place fields (Lee et 376 

al., 2015; Mankin et al., 2015) indicates that this region might be preferentially involved in the processing 377 

of non-spatial information (Alexander et al., 2016; Dudek et al., 2016; Meira et al., 2018). Future work 378 
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should resolve whether distinct neural coding properties (e.g. spatial versus non-spatial) relate to different 379 

morphological cell types within the CA2 region (Bartesaghi and Ravasi, 1999; Helton et al., 2019).  380 

 381 

Spike-bursts have been described in a variety of systems, from invertebrate sensory systems to 382 

mammalian end-brain structures, and their occurrence in vivo is thought to be of special importance for 383 

neural circuit function. They have been proposed to serve at least three main roles: to encode specific 384 

stimulus features, to allow reliable information transfer to downstream targets, and to induce synaptic 385 

plasticity (see Lisman, 1997; Izhikevich et al., 2003; Krahe and Gabbiani, 2004 for review). Classically, 386 

spike-bursts are thought of as associative plasticity signals. According to the ‘canonical model’ (Larkum 387 

et al., 1999; Takahashi and Magee, 2009), the concomitant activation of proximal and distal inputs onto a 388 

single Pyr neuron is transformed into a specific spike-burst pattern, which can in turn induce long-lasting 389 

changes in synaptic efficacy (Rebola et al., 2017). Recent work in the CA3 region (Raus Balind et al., 390 

2019) has revealed distinct rules for the induction of spike-bursts: while ‘regular spiking’ CA3 Pyr 391 

neurons could be induced to fire spike-bursts by strong proximo-distal input activation (in line with the 392 

canonical model), a population of CA3 neurons (referred to as ‘intrinsically bursty cells’) was able to 393 

generate bursts even in response to strong activation of local synaptic inputs onto the same dendritic 394 

segment. The relative abundance of regular-spiking and intrinsically-bursty cells was partially related to 395 

their topographical position; however, both cell types could be observed at any proximo-distal level (Raus 396 

Balind et al., 2019). Thus, any CA3 neuron is capable of generating spike-bursts (Kowalski et al., 2016; 397 

Raus Balind et al., 2019), depending on the specific pattern of input activation, thus raising the possibility 398 

that different burst-mechanisms might be engaged under different behavioral states and/or experimental 399 

conditions. In the present study, we showed that during spatial exploration, burst propensity of individual 400 

CA2/CA3 Pyr neurons correlates with the relative amount of dendritic length within the SLM – indicating 401 

that the relative weight of entorhinal inputs might determine burst firing on the recipient Pyr neurons.  402 

This structure-function scheme indicates that morphologically distinct Pyr cell types might 403 

differentially contribute to hippocampal memory functions. During memory formation, CA2 and CA3 404 
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activity patterns are thought to become rapidly associated with the entorhinal inputs (which carry the 405 

episodic information) and with themselves, through the strong recurrent collaterals. By means of these 406 

associations, partial memory retrieval cues (likely provided by the entorhinal inputs) are then able to 407 

retrieve the stored memory engram - a process known as ‘pattern completion’ (Rolls and Treves, 1994; 408 

Knierim and Neunuebel, 2016; Rebola et al., 2017). Notably, burst activity has been postulated to be 409 

important for the initial establishment of a memory trace, as well for its recall during memory retrieval 410 

(Treves and Rolls, 1992; Kaifosh and Losonczy, 2016). We speculate that Pyr neurons with a high 411 

dendritic ratio might act as ‘drivers’ in these memory processes. Their selective recruitment via entorhinal 412 

inputs might trigger burst firing, which could serve as the initial activity bias for pattern completion 413 

within the CA2/CA3 network. Indeed, spike-bursts within the CA3 network are exceptionally powerful, 414 

with even single spike-bursts being sufficient for initiating global network synchronization events (de la 415 

Prida et al., 2006; Wittner and Miles, 2007; Marissal et al., 2012). We speculate that selective activity 416 

manipulations of these ‘driver neurons’ during memory processing can be sufficient for biasing pattern 417 

completion dynamics within the CA2/CA3 network.  418 

 419 

Altogether, our study provides direct anatomical evidence that distinct spatio-temporal activity 420 

patterns of CA2/CA3 pyramidal neurons, assessed in-vivo during natural behavior, relate to their 421 

topographical positon and dendritic architecture. Future studies – possibly employing genetic tagging 422 

approaches – will be required to resolve causal relationships between Pyr cell morphologies and 423 

hippocampal memory processing.  424 
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Figure Legends 588 
 589 
Figure 1. Juxtacellular recordings of CA2 and CA3 neurons in freely-moving mice. 590 
A. Scatterplot showing the distribution of spike-widths (assessed by ‘peak-to-trough’ times) as a function 591 
of average firing rates for all active neurons (n = 174). Black dots indicate morphologically-identified 592 
pyramidal cells (Pyr, n = 26), blue dots indicate identified fast-spiking interneurons (FS, n = 3), grey 593 
circles indicate non-identified recordings (n = 145). The dotted lines indicate the thresholds used for 594 
classification of Pyr (n = 140) and FS (n = 19), as in Preston-Ferrer et al., 2016. 595 
B. Reconstruction of the dendritic morphology of a representative CA2 Pyr neuron, recorded in a freely-596 
moving mouse (recording shown in C). Scale bar, 100 μm. 597 
C. Spike-trajectory plot (top) and color-coded rate map (bottom) for the neuron shown in B. Red dots 598 
indicate action potentials.  599 
D. Average spike waveform for the neuron shown in B.  600 
E. Spike-time autocorrelogram for the neuron shown in B. The theta index value is indicated. 601 
F. Representative high-pass filtered juxtacellular spike-trace for the neuron shown in B.  602 
G. Reconstruction of the dendritic (black) and local axonal (red; partial reconstruction) morphology of an 603 
identified FS interneuron, whose soma was located within the CA3a Pyr layer. Scale bar, 100 μm. 604 
H-K. same as in C-F, except for the neuron shown in G. Note the narrower spike waveform, lower spatial 605 
selectivity and higher firing rate of the identified interneuron, compared to the Pyr cell. 606 
L-N. Boxplots showing average firing rates (L), spatial information per spike (M) and theta-index (N) for 607 
Pyr and FS recordings (L, M: Pyr, n = 140; FS, n = 19; N: Pyr, n = 111; FS, n = 19). Whiskers indicate 608 
1.5 interquartile ranges. Outliers are shown as crosses. P-values are indicated (Wilcoxon rank-sum test). 609 
 610 
 611 
Figure 2. Identified CA2 Pyr neurons. 612 
A-E, Epifluorescence pictures showing PCP4 staining (green) and juxtacellularly labeled CA2 Pyr 613 
neurons (red), recorded in freely-moving mice (dataset related to Fig. 4M,N). Left panels, low-614 
magnification pictures (Pyr layer outlined as dotted lines); right panels, high-magnification pictures, 615 
showing the location of the Pyr cell somata within CA2. In (A), two neurons were sequentially labeled on 616 
the same electrode penetration: one FS cell (empty arrowhead) and one Pyr neuron (full arrowhead). Note 617 
that the FS interneuron was negative for PCP4 expression, in line with previous observations (Kohara et 618 
al., 2014). In (B), two CA2 Pyr neurons were labelled: one cell on a medial electrode penetration 619 
(dendrites indicated by the empty arrowhead), and another one on a more lateral penetration (full 620 
arrowhead).  621 
GCL, granule cell layer; Nb, neurobiotin. Scale bars, A: 200 m, 25 m (inset); B-E: 200 m, 50 m 622 
(insets). 623 
 624 
 625 
Figure 3. Spatio-temporal firing properties of CA2 and CA3 neurons. 626 
A. Representative rate maps of place cells in CA2 (left column), CA3a (middle column) and CA3b (right 627 
column). Maximal firing rates are indicated. 628 
B. Scatter plot showing the distribution of average ‘in-field’ firing rate for place cells (n = 19) as a 629 
function of recording location along the proximo-distal axis (0 indicates the CA2/CA1 border; 1 indicates 630 
the most proximal end of CA3b; see details in Materials and Methods). Linear regression line (red), R2 631 
and p-value are indicated. 632 
C. Same data as in B (place cell dataset, n=19), but shown as boxplot (CA2, n =4; CA3a, n = 9; CA3b, n 633 
= 6). Whiskers indicate 1.5 interquartile range. 634 
D. Representative high-pass filtered juxtacellular spike trace of a CA2 (green), CA3a (black) and CA3b 635 
(grey) recording. Black triangles indicate bursty spikes (ISI ≤ 6 ms). 636 
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E-F. Same as B-C, but showing the burst index for all recordings assigned to the CA2/CA3 region (n = 637 
40 recordings included in the analysis; see Materials and Methods). 638 
G-H. Same as E-F, but for the average number of spikes per burst. 639 
 640 
 641 
Figure 4. Morphological correlates of spike-burst activity in CA2 and CA3 neurons. 642 
A. Reconstruction of the dendritic morphology of a representative CA2 Pyr neuron, recorded in a freely-643 
moving mouse (recording shown in B). The proportion of dendrites located within the SLM (red) and SR 644 
(black), and the corresponding dendritic ratio, are indicated. Basal dendrites are shown in blue. Scale bar, 645 
100 μm. SLM, stratum lacunosum moleculare; SR, stratum radiatum; SO, stratum oriens. 646 
B. Spike-trajectory plot (top) and color-coded rate map (bottom) for the neuron shown in A. Red dots 647 
indicate action potentials. Maximal firing rate is indicated. 648 
C. Distribution of Interspike Intervals (ISIs) for the neuron shown in A. The burst index is indicated. 649 
D. Representative high-pass filtered juxtacellular spike trace for the neuron shown in A. Bursty spikes 650 
(ISI ≤ 6 ms) are indicated in red. 651 
E-H. Same as A-D, but for a CA3a neuron. 652 
I-L. Same as A-D, but for a CA3b neuron. 653 
M. Schematic outline of the Pyr layer showing the somatic location of the reconstructed Pyr neurons 654 
included in the bustiness analysis (N): CA2 neurons (green dots, n = 5; see also Fig. 2), CA3a neurons 655 
(black dots, n = 6), CA3b neurons (grey dots, n = 6). The two numbers (1, 2) indicate the two CA3 656 
neurons, which were positive for the CA2 marker PCP4 (see Fig. 5). 657 
N. Scatter plot showing the burst index as a function of dendritic ratio (n = 17, shown in M). Conventions 658 
as in M. Linear regression line (red), R2 and p-value are indicated. 659 
 660 
 661 
Figure 5. Identified PCP4-positive CA3a neurons 662 
A. Epifluorescence pictures showing PCP4 staining (green) and a PCP4-positive CA3a Pyr neuron (Nb, 663 
neurobiotin, in red; see arrowhead), recorded in freely-moving mice (indicated with ‘1’ in Fig. 4M,N). 664 
Bottom left panel, high-magnification view of the Pyr cell soma. Scale bars, 100 m; 20 m (inset). 665 
B. Maximum intensity z-stack projections of the neuron in A after DAB conversion (see Methods), 666 
showing the soma (left panel) and proximal apical dendritic segments (right panel). Note the absence of 667 
thorny excrescences. Scale bars, 15 m. 668 
C. Reconstruction of the dendritic morphology of the neuron shown in A,B. Scale bar, 50 m. 669 
D-F. same as A-C, but for another PCP4-positive Pyr located in CA3a (indicated with ‘2’ in Fig. 4M,N). 670 
Scale bars as in A-C. 671 
G. Maximum intensity z-stack projections of two representative CA3 cells, showing the presence of 672 
thorny excrescences on proximal dendritic segments (some are indicated by white arrowheads). Scale bars, 673 
15 m. 674 












