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the deep layers of the EC receive the majority of neocortically boutfSPIte I1ts close anatomical relationship to hippocampal struc-
hippocampal outputs. To characterize information transmissiddres, the EC has received less attention than the hippocampus.
through the hippocampal and EC circuitry, we recorded simultdhose studies that have been done suggest that the EC is
neously from neurons in the superficial EC, the CA1 region dfportant to an animal’s ability to perform both spatial (Cho
hippocampus, and the deep EC while rodents ran for food reward4aq jaffard 1994; Cho and Kesner 1996; Hagan et al. 1992;

two environments. Spike waveform analysis allowed us to classﬁolscher and Schmidt 1994; Johnson and Kesner 1994; Naga-
units as fast-spiking (FS) putative inhibitory cells or putative excit ’ '

tory (PE) cells. PE and FS units’ firing were often strongly correlatjfﬁara etal. 1995; Rasmussen et al. 1989) and nonspatial tasks
at short time scales, suggesting the presence a monosynaptic confl@guierdo and Medina 1993; Izquierdo et al. 1997; Sutherland
tion from the PE to FS units. EC PE units, unlike those found in CAEt al. 1989; Vnek et al. 1995).

showed little or no tendency to fire in bursts. We also found that the Earlier work that examined the spatial firing properties of
firing of FS and PE units from all regions was modulated byt8 EC neurons suggested that cells in both the superficial and deep
Hz theta rhythm, although the firing of deep EC FS units tended to &~ fire with less spatial specificity than hippocampal cells
less strongly modulated than that of the other types of units. When arnes et al. 1990; Mizumori et al. 1992; Quirk et al. 1992)

examined the spatial specificity of FS units, we determined that | d Its f imul d
units in all three regions showed low specificity. At the same tim&//0re recently, we reported results from simuftaneous recora-

retrospective coding, in which firing rates were related to past podigs from CAl and the EC in animals running on both a W-
tion, was present in FS units from all three regions and deep EC B8d a U-shaped track (Frank et al. 2000). We found that deep
units often fired in a “path equivalent” manner in that they were actideC units showed significantly more spatial specificity than
in physically different, but behaviorally related positions both withigyperficial EC units but less than CA1 units. Deep EC units
and across environments. Our results suggest that while the firingacp o showed a strong tendency to be active at the same relative

FS units from CA1 and the EC show similarly low levels of positio . . .
specificity, FS units from each region differ from one another in th cation along different paths through the environment, a ten-

they mirrored the associated PE units in terms of their tendency ghcy we termed “path equivalence.” We also found that cells

show more complex positional firing properties like retrospectiéiroughout the EC and CALl can fire differently in the same
coding and path equivalence. location depending on where the animal has just been or is

intending to go, and thus that these cells can code retrospec-
tively (for past location) or prospectively (for future location).
INTRODUCTION Results from studies of the hippocampus and neocortical
. ) areas suggest that spike waveform shape can be used to dis-
~ The hippocampal formation has long been known to hgguish between putative excitatory (PE) cells from putative
important in rodents’ abilities to learn and remember spatighibitory or fast spiking (FS) interneurons (Brumberg et al.
tasks (Jarrard 1993; O’Keefe and Nadel 1978; Whishaw andgg; Csicsvari et al. 1999; Fox and Ranck 1981; Kyriazi et al.
Tomie 1991) and units (putative single neurons) throughout thgge; McCormick et al. 1985; Rao et al. 1999; Simons 1978;
hippocampal formation have been shown to be active inSadlow 1995; Swadlow et al. 1998; Wilson et al. 1994). In
place-specific manner when a rodent moves through its enffe hippocampus, PE and FS cells have fundamentally differ-
ronment (Barnes et al. 1990; Jung and McNaughton 1995t spatial and nonspatial firing properties (Fox and Ranck

McNaughton et al. 1983; Muller 1996; Muller et al. 199471981; Kubie et al. 1990; McNaughton et al. 1983). The divi-
O’Keefe and Dostrovsky 1971; Sharp 1997). The superficial
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sion of cells into PE and FS subtypes has not been performed
in the EC. P P U track W track

Here we use spike waveform shape and average firing rate to CP
distinguish between putative interneurons and excitatory cells
recorded from animals that ran on both a W-shaped and a }
U-shaped track. We then examined their firing patterns to ¢
characterize unit activity in CA1 and the EC with respect to

spike train properties like interspike interval distributions and X
with respect to spatial specificity. Analyses on the same data

that focused on prospective and retrospective coding and path
equivalence have been presented elsewhere (Frank et al. 2000).

METHODS
Subjects

The data presented here are from four Long-Evans rats (Charles
River Laboratories) that were between 3 and 6 mo of age at the time
of surgery.

Microdrive array construction ojo o] 0 o

The microdrive array consisted of a total of 20 independently
movable microdrives each controlling the depth of an individual
tetrode. Each tetrode consisting of four 18+ID polyamide-insu- g 1. The W- and U-track environments. These 2 environments were
lated nichrome wires. The microdrive array advanced the tetrodegated next to each other in the recording room and oriented as shown in the
through two large cannulae, one oriented vertically that targeted tiiire. The tracks were 150 cm along their longest dimension, and the W track
CA1 region of the hippocampus and the other angled laterally owtas a total of 49 cm wide, whereas the U track wds$ cm wide. The distance
wards at 9° from the vertical in the transverse plane targeting the E@tween the edges of the 2 tracks wa20 cm, and the individual track
A total of 7 tetrodes targeted CA1 and a total of 13 tetrodes target&®ftions that the animal ran on were 7 cm wide.
the EC. Single hippocampal and EC tetrodes were used as local . .
reference electrodes for the hippocampus and EC respectively. Recording techniques and procedures

The recording apparatus consisted of three custom-made 25-chan-
Surgical procedures nel preamplifier chips that were attached to connectors on the top of
the microdrive array, a set of 11 eight-channel amplifiers (DataWave),
Once trained (seBehavioral methods each animal was anesthe- Set of 12 synchronized 486100 PCs running the AD software
tized intraperitoneally with a mixture of ketamine (50 mg/kg) an@ackage (M. Wilson and L. Frank), and a tracking system (Tracker
xylazine (6 mg/kg) and maintained on isoflourane (0.5-2.0%). TiRA-W, Dragon, Boulder, CO). Signals from the four electrodes of a
animal was given a local injection of 0.2 ml lidocaine subcutaneousigtrode were amplified between 10,000 and 40,000 times and, for
to the scalp, and atropine (0.1 mg/kg ip). In addition, the animal waBike waveforms, filtered between either 300 Hz and 6 kHz (EC) or
given three injections of monophosphate sodium succinate (30 nigtween 600 Hz and 6 kHz (CAL). The difference in low cutoff was
kg), one before the dura removal and two more spaed@@—45 min USed because some entorhinal spikes were quite wide and were thus
thereafter in a protocol adapted from (Behrmann et al. 1994). A tof¥fcessively attenuated by the 600-Hz cutoff. The spike data were
of 11-13 screw holes were drilled and small bone screws wet@mpled at 31.25 kHz per channel. Whenever the signal from one
inserted. One of these screws, usually positioned in the most antel§ctrode on a tetrode exceeded a threshold set by the experimenter, a
position over the left hemisphere, was used as a ground. Two hole§2-ms (32 point) window of data from each of the four electrodes
were drilled in the bone covering the right hemisphere for the micr¥(@s stored to disk. One channel from each of 16 tetrodes was chosen
drive array, one at AV-3.6, L 2.2 for the electrodes targeting CA1for electroencephalography (EEG). The signal from this channel was
and the other at AV-7.8, L 4.8 for the electrodes targeting the Eca@mplified 2,000 times, filtered between 1 Hz and 475 Hz, sampled at
The microdrive array was then affixed to the skull with dental acrylid-5 kHz per channel, and stored to disk. Position tracking was done
In some cases the animal appeared dehydrated after surgery sovéLthe aid of two infrared diode arrays mounted on a boom attached
tween 5 and 10 ml of warm Ringer solution were injected subcutt the preamplifier chips. The boom was positioned so that when the
neously. animal ran, the front diode array was located slightly in front of the
animal’s nose and the rear array was over the back of the animal’s
neck. The positions of the diodes were saved to disk at 30 Hz.
Behavioral methods After the surgery, the animal was brought to the recording room,
and the tetrodes were slowly advanced into the brain over the next 5-7
The behavioral methods have been presented elsewhere (Frantags. Histological analysis later revealed that the EC reference elec-
al. 2000). The animals were trained to run on a U-shaped track andtmde was in all cases either in the deep layers of the superficial cortex
a W-shaped track (Fig. 1) for a reward of powdered hot-chocolate ntigar the angular bundle or in the bundle itself. Once the EC electrodes
mixed with water. On the U track, the animal performed a simpleere in or near the deep layers of the EC, recording sessions were
alternation task, whereas on the W track, the animal was placed onllegun. The animal was brought up from the animal facility and placed
center arm and then trained to run in an alternation task from ceniithe sleep box, and, if necessary, each of the tetrodes was adjusted
to left to center to right to center arms and so on. by between 20 and 16@m to maximize the number of cells visible.
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Whenever possible electrodes were adjusted only after the recordinVe should note, though, that our definition of spike width is
session to maximize recording stability. In the case of the hippocadifferent from that used by others who measured the time from the
pal tetrodes, the movement was either up or down depending on fhigection point marking the initial negativity to the time when the
tetrode’s location with respect to the cell layer. The entorhinal elegraveform returned to baseline (Rao et al. 1999; Wilson et al. 1994).
trodes were always moved downward to help guarantee that the samig software stored each spike in a 1.02-ms window, and the wave-
cells were not recorded from twice. That meant that initial recordinggrms often did not return to baseline within that window. As such, the
were in the deep layers of the EC and later recordings were {f)| width of the waveform was not available to us. Also, note that
progressively more superficial layers. After adjusting, the electrodg$yiayi et al. (1996) proposed a somewhat different set of criteria
were allowed to settle for-2 h. The recording session was then beguiyhe e pg and FS cells were separated by computing the product of the
?Onlg vm behavioral protocol described in the preceding text W85 _90% rise time of the positive peak of the waveform and the width
’ of this peak at half height. In our case, the peak-to-trough width of EC
. . . waveforms was clearly bimodal, whereas the width of the waveform
Histological analysis peak at half height was not clearly bimodal, so the criterion based on

The histological methods have been presented elsewhere (FranR&K to trough waveform width appeared to be most appropriate.

al. 2000). Briefly, each EC tetrode was used to make between one @paghss coRRELATION ANALYSIS. Previous work has shown that the
four lesions. To reconstruct the positions of each of the tetrodes, {18ss_correlation of CA1 PE and FS units often has a peak at 1-3 ms

relative locations, the number of lesions made, and the final depths%ggestive of a monosynaptic excitatory connection from PE to FS

each tetrode was used to determine which electrode tracks co fiits (Csicsvari et al. 1998). To examine whether that coupling is

sponded to which tetrodes. The tetrode was then assigned a loca, 100 4 not only in CA1 but also in the EC, we examined the cross-

for each day of recording. If a tetrode’s location could not be deter- . - . -
mined with a high degree of confidence, data from that tetrode w rrelation of all pairs of units recorded S|.multane0usly from the same
not used. efrode. To compute the cross-correlation, we employed the tech-
niques proposed by Brillinger (1976). This approach allows for a
simple computation of confidence bounds without the need to shuffle
the spike trains. To compute the cross-correlation between units A and
After each recording session, the data were transferred to a LinBxtwo normal cross-correlation histograms are constructed with the
workstation for analysis. A custom software package (Xclust, Miesired bin size, the A versus B cross-correlation histogram using the
Wilson) was used to cluster the spike waveforms from each tetrosigikes of B as thé = 0 reference point and the B versus A cross-
into putative single neurons, hereafter termed single units. All othesrrelation histogram using the spikes of A as the 0 reference
analyses were carried out using custom software written in the Matlpbint (Perkel et al. 1967). For the first histogram (A vs. B) each bin
(MathWorks, Natick, MA) environment. For each tetrode in CA1, wef the histogram is then subjected to the following variance normal-
examined the spatial firing properties of every cell from that tetrodging transformation: newbii) = \/bin(i)/(binsizex nspikes) where
and, for each cell that was recorded from across multiple data sets, \g&ybin() is the new value for the bin, b{i) is the original value for
included the data from only one of the data sets in our analyses. Ofd¢ pin, binsize is the size of the bin, and nspikesthe number of
data from the run periods of the recording are examined here and ogljikes fired by cell B. The counts in each bin are thereby transformed

those unigs with at least one place field (see following text) and f@§ pe approximately normal, and a mean and 95% confidence bound
which <5% of the |ntersp.|k(.e intervals w.eresims were |ncludeq n cgn then be calculated as follows: mean,/ nspikeg /totaltime 95%;
the analyses. We also eliminated all units with average amplitude ©

<70 pV. confbound= mean=+ \/1/(binsize>< nspikeg) where totaltime is

In addition, as we wished to examine the very short time scale (01l%® total length of the recording period. As the value in each bin is
ms) cross-correlations of pairs of units, we examined all pairs of C/APProximately normal, any other confidence bound can be derived by
units recorded from the same tetrode with a significant peak in tAltiplying the 95% bound by the ratio of theescore of the desired
cross-correlegram between 0 and 5 ms. Quirk and Wilson (199%und to that of the 95% bound (i.e., desired Z/1.96). The same
demonstrated that because CA1 principal cells tend to fire compR&uations are used for the B versus A histogram with the A and B
spike bursts where the amplitude of each subsequent spike decreli#iges switched. As we were interested in determining which pairs of
as compared with the first spike, even very slight errors in clusterifigurons showed a strong very short latency (0-3 ms) peak in their
can result in fictitious correlations between pairs of units. As such, f@rrelegram, we used a confidence intervaPof 0.001 and calcu-
all CAL unit pairs with a significant correlatiorP(< 0.001, see lated the cross-correlations betweeB0 and 30 ms with a bin size of
following text for cross-correlation definition and significant tests), wé ms. In addition, as rhythmic modulation of cell pairs could result in
calculated a complex spike index (CSI) that estimates the percentdg@road peak of the correlegram that extended over the 1- to 5-ms
of spikes from one unit that follow the spikes of another unit withifidhge, we recalculated a local mean value as the mean of the cross-
a 10-ms interval and are of lower amplitude (McHugh et al. 1996). Feprrelegram in the two intervals from 5 to 25 ms from O (i.e., —25

those unit pairs with a CS#3.0, we eliminated the unit with the t0 —5 and 5 to 25). That prevented broad peaks from being considered
lower amplitude spikes. significant. The cross-correlations of a pair of units was considered to

e significant if either the A versus B or B versus A correlegram had
peak between 1 and 5 ms that exceeded the local mean plus the
nfidence interval.

Data analysis

UNIT CLASSIFICATION. We characterized the waveform shapes oi
each unit by computing the width of the waveform defined as t
mean absolute value of the time from the peak to the trough of trie
units’ spikes. We then used the resulting distributions of widthSPIKE TRAIN CHARACTERISTICS. To determine whether the previ-
combined with the average rate of the units, to classify each CA1 uniisly observed differences in spatial coding seen among the superfi-
as either a PE unit or a FS unit and to classify each EC unit as eitleeal EC, CA1, and the deep EC are associated with differences in
PE or FS. The criteria used and their justification are presentedfiing patterns in the PE or FS units from those regions, we examined
RESULTS This terminology was chosen to reflect on one hand ttteree characteristics of the spike trains from these units: the interspike
general use of the term “fast-spiking” to refer to putative interneuroimsterval distributions, autocorrelation histograms, and the proportion
with narrow spike waveforms (Brumberg et al. 1996; McCormick eif spikes belonging to bursts. We calculated the proportion of spikes
al. 1985; Rao et al. 1999; Simons 1978; Wilson et al. 1994) and, brlonging to bursts for each unit by finding the proportion of spikes
the other hand, the diversity of excitatory subtypes present in the Ef3sociated with interspike intervals €fL0 ms (Buzsaki et al. 1996).
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THETA MODULATION. As the activity of CA1 PE and FS units is analyses are the same as those presented in the previous manuscript
strongly modulated by the-8-Hz theta rhythm (Buzsaki and Eidel- (Frank et al. 2000).

berg 1983), we a|SO investigated the relationship betWeen theta a:rAq'H EQU|VALENCE We have a|so previous|y noted that many
unit activity in the EC. To examine that relationship, we selected, fgleep EC units fired in a path equivalent manner, where units were
each day of recording from each animal, the EEG signal from o@gtive at the same relative location along multiple paths both within
tetrode located in the deep EC, band-pass filtered the EEG betweahé\W track and between the W and U tracks while CA1 PE units did
and 14 Hz, and resampled the resulting signal at 200 Hz. A singiet fire in a path equivalent manner (Frank et al. 2000). Here we
tetrode was chosen because previous work has demonstrated ¢htgnd those analyses to determine whether the same differences are
hippocampal and entorhinal theta are highly coherent (Alonso aptesent in both PE and FS units. The methods associated with these
Garcia-Austt 1987a; Chrobak and Buzsaki 1998), so while theaalyses are the same as those presented in the previous work where
recorded from different electrodes will have different relative phase¥e computed a path equivalence coefficient to measure the extent to
the signals have a constant phase relationship to each other. We éeigh a unit fired in the same relative location along different paths.
a simple peak finding algorithm to determine the locations of the
peaks of theta. Each peak was assigned a phase of 0/° and the phasey | Ts
of the theta rhythm between peaks was determined by linear interpo-
lation. After histological reconstruction of the electrode and anal-
We then determined the phase of theta at the time of each spy&s of place firing properties, we determined that the total
from each unit. To calculate the degree of theta modulation for eagbmber of units with place fields was as follows: W track: 36
unit, we constructed a histogram of the number of spikes in each of SOperficial EC, 308 CA1, and 174 deep EC units; U track: 34
phase bins and smoothed the resulting histogram with a seven painperficial EC, 348 CA1, and 150 deep EC units; both envi-
Gaussian filter with a standard deviation of one. That smoothing wasnments: 15 superficial EC, 136 CA1, and 90 deep EC units.
performed by convolving the Gaussian with the histogram and rem@Based on the histology, we believe that most of the superficial
ing the three [(7-1)/2] extraneous points generated by the convolutiBiC units were recorded from layer 3. The firing properties of
from each side of the resulting signal. The smoothing was designed i§its were generally similar in the two environments, so for the

reduce the magnitude of artifacts caused by binning the data. ment we focus on the data from runs on the W track
normalized the resulting histogram by its maximum value and deter- ’

mined the degree of theta modulation by the difference between the o
maximum and minimum values of the histogram (i.e., theta modulklnit classification

tion coefficient= 1 — minimum value). . . . . L .
) CAL1 units can be divided into two categories: principal units

SPATIAL FIRING PROPERTIES. Our previous analyses of spatial spec(ptative pyramidal cells, hereafter referred to as PE units) and
'f'C'ty.f.d'.d ”Oft ngparﬁt?:g E "’.‘ndf FS urr]uts, SO v]:/_e_elxlrglglngg lthe Zpa[ ta units (putative interneurons, hereafter referred to as FS
Speci |C|ty (0} an units from the superticlia s ,and tl . T . . .

. X . gt its), distinguishable by the width of the waveforms, inter-
deep EC to determine how the differences in place specific firing w ike) intervaglj Characterigtics and firing rates (Fox and Ranck

previously observed (Frank et al. 2000) were expressed in differ . L :
types of units. To do so, we employed the same approach used in 1). Using those criteria, we determined that of the 308 CA1

previous manuscript. Briefly, we examined the firing of each unithits, 20 were fast spiking (FS) units. As FS units can be
along the paths between food wells. For the W track, the four paths @histinguished from PE units on the basis of their narrow spike
animal ran along were examined (center to left arm, left to center amtaveform widths and high average firing rates (Brumberg et al.
center to right arm, and right to center arm), while for the U track, tw©996; McCormick et al. 1985; Rao et al. 1999; Simons 1978;
paths (left to right arm and right to left arm) were examined. Wewadlow et al. 1998; Wilson et al. 1994), we examined the
linearized each of those paths and determined the distance from dgributions of average firing rates and the relationship be-
start food well of the path to each linearized position, resulting in a sgtaan waveform width and average rate (see Figh andB).

of positions versus over the distance from the beginning of the p o . L
for each path. We binned those distances into 4.2 cm bins E?é examination of those relationships indicated that, for both

smoothed the result with a six-point Gaussian window with a standa?HperﬁCial and deep_ I_EC units, there is one cl_ear group of units
deviation of one. with lower average firing rates{16 Hz) and wide waveforms

We analyzed the activity of each unit along each path by computifg'0-4 ms). We classified those units as PE units (shown as
three related measures of position specificity: average field size;’s in Fig. 2,A andB, deep E(h = 140; superficial EG =
proportion of the environment covered by fields, and position info28).
mation. We defined a “place field” as described in Frank et al. (2000). Of the remaining narrow waveform<Q.4 ms) units, there
Average field size was computed as the mean of the lengths of @s a wide distribution of average rates. As FS units are
fields for each unit, and the proportion of the environment covered nerally associated with high firing rates, we classified only
a unit's fields was computed as the total length of the unit’s fiel Rose units with narrow waveforms and average rat¢6 Hz
along all paths divided by the total length of the paths. Positi%§ FS units (shown as triangles in FigA2andB, deep EQh =

information was calculated as the number of bits/spike, treating each. ficial EQ = 6). Th its with f
path as a separate set of locations according to the formula of Skaggs Superficia = 6). Those units with narrow waveforms

et al. (1993).

PROSPECTIVE AND RETROSPECTIVE CODING.In previous work
(Frank et al. 2000), we found that the firing of some superficial EG: — 1q. . -
CALl, and deep EC showed prospective or retrospective coding a '9' 2, A andB, d(_an ECn = 18; superficial Eh = 2)'. We

that deep EC units were most likely to show prospective coding. ould note that it is likely at least some Of thes? umts corre-
extended those analyses by determining whether both PE and FS w#t@nded to FS cells, as our rate cutoff for inclusion in the FS
can show these properties and whether the same increase in YAl group is high. Furthermore, an examination of those units
prevalence of prospective coding seen from CA1 to the deep EC waih narrow spike widths and low average firing rate(Hz)
present in both PE and FS units. The methods associated with thedggested that these units had positional firing properties sim-

d low average rates are difficult to classify, as they do not
obviously correspond to a known EC cell type. As such, we
hose to exclude these units from our analyses (showhias
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A B
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Eo04 o 0.4 B AA N between waveform width and average rate for superficial and
£ o N A 00 AAA deep EC units, respectively. Units with wide waveforms tended
203 Al 0-3£’ % ® 2 2 A 2 a A tofire at lower average rates., PE units;s, FS unitso, units
S A <3S A excluded from the analyses because they were not clearly PE or

0.2 a 0.2p FS units.

¢}
0.1 0.1
0 0
1} 20 40 60 0 20 40 60

Average Rate (Hz)

ilar to PE units. Nonetheless, as we wished to compare tbeupling is shown in Fig. 4. In CAL, 22% (29 of 107) of the
firing of PE and FS units, we believe that the exclusion of the&E-FS pairs buk2% (14 of 814) of the PE-PE pairs had a
units is warranted. The resulting meahsSD of the waveform significant short time cross-correlation. Similarly, in the deep
widths for the EC units were as follows: EC FS 0.300.05 EC, 29% (6 of 21) of the PE-FS pairs and 5% (4 of 75 PE-PE)
ms; EC PE 0.54t 0.04 ms. The average rate for each type gfairs had a significant short time cross-correlation. Those pro-
unit from each region are shown in Table 1. Examples gbrtions were significantly different for both CA1 and deep EC
representative average waveforms from superficial and daepts P < 0.01, GLM model— binomial link function, x*
EC PE and FS units are shown in Fig. 3. test), indicating that for both CA1 and the deep EC, PE-FS
Our choice of classification criteria was based solely on thpairs were much more likely to show a strong short time scale
waveform width and average rate of units with fields on theross-correlation than PE-PE pairs.
W-track apparatus. If this classification is reasonable, we
would expect it to be consistent across environments. Ti@ike train characteristics
would imply that, for those units with fields in both environ- L . : .
ments, the average rates of the units would be consistent acr éghe_ examination of spike train characteristics revealed that
the environments and waveform widths would remain rel&> uUnits had S|m_|lar characteristics across all regions whllg PE
tively constant. Referring for the moment to the cell typ nits tende_d to differ be_twgen.CAl and the EC. An angly_sls of
classification from the W track, 36 CA1 FS and 158 CA1 PE'® interspike interval dlstrlbquns and average rates _|nd|cated
units, 9 EC FS units (1 from superficial EC, 8 from deep EC hat there were no clear differences between superficial EC FS
and 87 EC PE units (11 from superficial EC and 76 from de&d deep EC FS units or between superficial EC PE and deep
EC), units had fields in both environments. Of those unitsc PE units, so EC FS and EC PE units were each treated as
three EC units had inconsistent classifications on the tev?q[ (Salrggliie%:lct)gﬁlglo(rl Stlr;e;r?)p?a?gtlayssgf&r eﬁ?efgr?tglicgtfrﬂtsolfr;%e
tracks, all of which were the result of the unit being classifi !
as an PE or FS unit in one environment and one of the narréift @nd the EC (see FigAj revealed that CA1 FS and EC FS
waveform, low average rate units (the category we exclud its both tended to fire \.N'th an ISl eflp—lOO ms, whereas
from the analysis) in the other environment. No units we 1 PE units tended to fire in bursts with very short ISIs. The

classified as PE in one environment and ES in the oth&p!S of superficial and deep PE units, on the other hand, tended
indicating that the classification was consistent. t0 peak at~100 ms. In some EC FS and PE units and in most

CAl PE units, a peak in the ISI at125 ms was present,
corresponding to the period of the theta rhythm. The normal-
ized autocorrelation histograms of these same units are shown
For superficial EC, only 1 PE-FS pair and 13 PE-PE paiis Fig. 5B. The main difference among the plots, aside from the
were recorded from, and none of these pairs had a significaeight of the baseline, is the degree of theta modulatie@ (
short time cross-correlation. An example of the two crossiz) visible. The autocorrelation histogram of the CA1 PE unit
correlegrams from one deep EC PE —FS pair showing strosigows very strong theta modulation, while that of the EC PE

Cross-correlation analysis

TABLE 1. Spike train variables

Superficial EC FS Superficial EC PE CA1 Theta CAl PE Deep EC FS Deep EC PE
Average rate, Hz 27.3+11.0 20 £1.2 315 = 11.7 11 +11 32.6 =104 22 £20
Proportion of bursts 0.33- 0.16 0.08+ 0.10 0.38+ 0.15 0.51+ 0.15 0.22+ 0.14 0.08+ 0.06
Theta modulation 0.53+ 0.17 0.54+ 0.14 0.59+ 0.23 0.57+ 0.20 0.29+ 0.16 0.51+ 0.18

The meant SD of the spike train variables measured for each unit type within each region for units with fields on the W track. The rows give the value
for average rate, proportion of spikes associated with bursts, and degree of theta modulation associated with each type of unit. EC, entorkiSafasirte
spiking; PE, putative excitatory.
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Fic. 3. Examples of PE and FS units recorded from the superficial and deep entorhinal cortex (EC). Each set of 4 traces
represents the average amplitude of a single unit across the 4 channels of a tetrode. Spikes from EC PE units tended to be very wide
and, for the larger amplitude spikes, the waveform generally did not return to baseline within the 1.02-ms window used for data
collection. In contrast, spikes from EC FS units generally returned to baseline within the window. Example spikes from CA1 PE
and FS units are not shown because the signals from these units were filtered at a low cutoff frequency of 600 Hz as compared with
300 Hz for the EC cells. As such our data do not permit a direct comparison of the waveform shapes of CA1 and EC units. Scale
bars: 0.5 ms and 5pV.

units shows virtually none. Despite those apparent differences believe that variability in theta frequency alone is unlikely
however, the actual degree of theta modulation in the thdtaaccount for the autocorrelation differences.
histograms shown in Fig.Gis approximately the same for the The proportion of bursts (ISIs10 ms) for each type of unit
units, indicating that the autocorrelegram should not be useddagiven in Table 1. FS units from all three regions showed a
determine whether a unit is or is not rhythmically modulatedjmilar tendency to fire spikes within short ISIs. PE units were
a result previously reported by Garcia-Sanchez et al. (1978)uch less homogeneous, however, as CAl PE units frequently
Figure D shows an example of a raw EEG trace from thfired in bursts while both superficial and deep EC PE units
reference deep EC electrode and a representative autocorrséddom fired spikes within short interspike intervals. All of the
gram of the filtered theta rhythm. As expected, the EEG traceeans were significantly different (Schefigest,P < 0.05)
and the autocorrelegram show robust theta. except as follows: the proportion of spikes associated with
To determine whether variability in theta frequency couldursts for superficial EC FS units was not different from that of
account for the apparent lack of theta rhythmicity seen in soid1 FS or deep EC FS units and the proportion of spikes
EC PE units’ autocorrelation histograms, we calculated tlassociated with bursts for superficial EC PE and deep EC PE
mean and standard deviation of theta frequency and found thaits did not differ. Overall, FS units from the three regions
the mean was 9.5 2.9 Hz. That variability may have con-had similar spike train properties but CA1 PE units differed
tributed to the differences seen in the autocorrelation histaarkedly from EC PE units.
grams, but as sets of CA1 and EC units were recorded simul-
taneously and therefore subjected to identical theta variabilit,ota modulation

) PE vs. FS The overall distributions of the degree of theta modulation
' ' ' for the different types of units are shown in Fig. 6. Units from
1.5} 1 all regions showed theta modulation. In addition, the distribu-
——————————————————————————————————— tions of modulation depths for both superficial EC FS and CA1
1k A a I\ N N . . .
VA~ ARG VA S Vo FS units appeared to be bimodal, although the number of units
o5f T TTTTTTTTYfTTTTTTTTTTTTTTTTT ] was relatively small so no firm conclusions concerning bimo-
dality can be reached. Deep EC FS units were less theta
'S 20 ET) 0 10 20 30 modulated than all other categories of units (Sché&ffeest,
FS vs. PE P < 0.01), but none of the other FS or PE units differed from
. , ; , : any other. Table 1 gives the mearsSD for the degree of
10t ] theta modulation of PE and FS units from the different regions.
s A e ANAA AT Spatial firing properties
LI IV D TN YT Y v v/
The spatial firing patterns of EC FS and CA1 FS units were,
like their waveforms and ISls, generally similar. Figure 7

4 -20 -10 Time°(ms) 10 20 30 shows the activity of two superficial EC FS units, two CA1 FS
units, and two deep EC FS units that had fields in both the W-
Fic. 4. An example of a high short-time cross-correlation between a de%?]d the U-track environments. Each row of these figures de-
EC PE and FS unit recorded simultaneously from the same tetrode. The bin .
size used was 1.0 ms. —, the short time scale mean (the average of gtS one unit on each of the four pa}ths of the W track _and the
cross-correlation values betweer25 and—5 and between 5 and 25 ms); - - -, two paths of the U track. The FS units tended to be active over
the P < 0.001 confidence intervals. There is a clear peak visible in both pldarge portions of the environment, but their firing rates were
ShOWing that spikes from the PE unit preceded Spikes from the FS unit aé%arly hlgher on some parts of the env|ronment than on Others

level far beyond that expected by chance. The dip in the cross-correlation a : : ; ;
t = 0 is a result of the 1-ms window used for acquisition where only one spike tThe mean field size, proportion of the environment covered

can be detected in each window and is therefore not indicative of actually firiy fields, and position information for each type of unit from
characteristics of the units. each region are shown in Fig. 8. The results for PE units are

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg



COMPARISON OF CA1 AND EC ACTIVITY 2035

A CA1FS CA1 PE ECFS EC PE
600 600
a0 10
E 400 400
S 20
© 200 200 20
0 0 0 0
10' 10* 10° 10 10' 10° 10° 10 10" 10® 10° 10* 10' 10° 10° 10

Interspike Interval (ms)
Fic. 5. Spiking properties of CA1 and EC unité:

B 1 1 1 1 interspike interval (ISI) distributions from a representative
unit recorded in each region. CA1 and EC FS units had
similar ISI distributions. CA1 PE unit ISI distributions
0.5 0.5 0.5 0.5 showed the characteristic prevalence of short intervals,
while these short interval spikes were generally not present
in the ISIs of EC PE units that tended to have unimodal ISI

0 0 0 0 distributions that peaked between 30 and 125 Bisor-
-500 0 500 -500 0 500 -500 0 500 -500 0 500 mglized autocorrelation histograms for each of the units.
Time (ms) Modulation by the theta rhythm is clearly visible in the

histograms associated with the CA1 FS and PE units and is
also apparent in histogram for the EC FS u@ithistogram
of number of spikes vs. theta phase for the theta rhythm

2000 taken from a deep EC electrode. While the degree of theta

modulation apparent in the autocorrelation histograms var-

1000 ies substantially across the units, all of the units were
strongly theta modulated: example raw electroencepha-
0 . . ~lographic (EEG) tracelgft) and autocorrelation of filtered
2pi 0 Pl 2pi 2pi  signal fight). Theta is clearly visible in the raw EEG from

Theta Phase the deep EC and in the autocorrelation.

0 0.5 1 15 2 2.5 3 -500 0 500
Time (sec) Time (sec)

essentially the same as those presented in Frank et al. (20@@gin FS units from CAl and the EC appear to have similar
so here we focus on the finding for FS units. The averageoperties while PE units differed across region.

proportion of the environment covered by a given unit’s fields

was not different among the FS units from different regio”@rospective and retrospective coding

but all FS units’ fields tended to cover larger portions of the

environment than PE unitsP(< 0.0001, ScheffeS test). Table 2 shows the total number of units tested for prospec-
Similarly, across regions the firing patterns of FS units carrigive or retrospective firing. Examples of FS units from each
similar amounts of position information. At the same time, allegion showing significant retrospective coding on the center
types of FS units’ firing carried significantly less positiorarm are shown in Fig.® Each plot shows the firing rate in
information than the firing patterns of all types of PE uniteach of the seven windows for paths including either the left or
(P < 0.005, Wilcoxon rank-sum test used because the positithe right outside arm. The total numbers of units whose full
information distributions were highly non-Gaussian). Onc&LM model was significant & < 0.01 are shown in Fig.B

Sup. ECFS Sup. EC PE CA1FS CA1PE Deep EC FS Deep EC PE
4 15 80 50
10
40
3 60
10 .
E 6 30
3 2 40
. s 20
1 . 20 10
0 0 0 0
0 05 1 0 05 1 0 05 1 0 05 1 0 05 1

Degree of Theta Modulation

FIG. 6. Histograms of the distribution of the depth of theta modulation across unit type and region. Units of all types showed
some degree of theta modulation, although deep EC FS units were significantly less theta modulated than superficial EC PE, CAl
PE and FS, and deep EC PE units (Sché&ffest,P < 0.01). None of the other means were significantly different, indicating that
theta modulation is prevalent throughout the EC and CA1. Note also that the distributions of superficial EC FS and CA1 FS units
appear to be bimodal, suggesting that there may be different classes of interneurons with different degrees of theta modulation.
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FIG. 7. Examples of FS unit firing patterns across the W- and U-track environment. Each row represents the firing of 1 unit that
had a field in both the W- and U-tracks environments. Each panel within a row shows the firing rate of the unit across 1 path through
the environmentpottom the path the animal was on for each panel. FS units, while showing relatively little spatial specificity,
showed clear areas of higher and lower firing rate. The peak of activity EC FS units, particularly deep EC FS units, was often in
the same relative location across different paths even when those paths were in different environments, a phenomenon we have
previously referred to as “path equivalence,” while the peak for CA1 FS units was generally in a different relative location on
different paths. The bottom deep EC unit, for example, was preferentially active around the turns of both environments.

Overall, FS unit from CA1 and the deep EC showed retrospddene of the other comparisons yielded significant res@its (
tive coding with approximately the same frequency as their RE005, criterion chosen to maintain family-wise error rate at

counterparts. P = 0.05) although for both the W versus W and the W versus
U comparisons, the value for the comparison of deep EC FS
Path equivalence and CA1 FS units was lowP(< 0.06 for W vs. W,P < 0.03

for U vs. W). Relatively few superficial EC FS units were

_ The mean path equivalence coefficients (PECs) for comp@keorded from, so those units were not included in this analysis.
isons of paths within the W track and for comparisons of paths

between the W and U tracks are shown in Fig. 10. Earlier wo SCUSSION

had shown that deep EC units showed higher PECs than CA1

units (Frank et al. 2000). We determined that this relationshipOur results suggest that the division of EC units into PE and
was maintained after classification. For the paths within the YAS subtypes is reasonable. The resulting PE and FS units had
track, the mean PEC for both deep EC FS and PE units waaveform widths and average rates that were in the same range
significantly higher than that than that of CA1 PE uniBs<{ as those reported in previous studies for neocortical units
0.002, Wilcoxon rank-sum test used because the distributidiumberg et al. 1996; McCormick et al. 1985; Rao et al. 1999;
were non-Gaussian). The results for the W-U path comparisBimons 1978; Wilson et al. 1994), and the classifications were
were generally similar in that both deep EC FS and PE unitsnsistent across environments, suggesting that PE and FS
had significantly higher PECs than both CA1 FS and PE unitmits have consistently different average rates. We should also
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5 FIG. 9. Prospective and retrospective coding across regions and unit
SupECFS SupECPE CA1FS CA1PE Deep EC FSDeep EC PE types.A: FS units from each region showing retrospective coding. Each
pllot shows the firing rate of the unit in each of the 7 windows on the center

FIG. 8. Measures of spatial specificity for each type of unit from eac : f . >
region.A: average field length. The average field length of FS units’ fielrj%rm on both paths involving the left arm (black line) and the right arm (gray

was about the same across regions and significantly larger than the ave Hlfg and the error bars represent 1 SE. CP, choice point. FS units did show

field length of all PE units. In addition, EC PE units had longer fields thal rospective activity, usually relatively close to the CP, and while the

CAL PE units (allP < 0.0001, Scheff&test).B: the average proportion of associated firing rate differences were small, they were clearly significant.
the environment covered by units’ fields. FS units’ fields covered signil?—.: the number of units of each type from each region Sh.O\.N'ng prospective
cantly larger fractions of the environment than those of PE urGts. light gray bars) or retrospective (darker gray bars) activity based on the

position information. Not surprisingly, the mean amount of position inforf—UII GLM model with either a significant cutoff aP < 0.01. One of 3

mation followed similar trends as the field size and proportion of trgg}perficial EC FS units showed significant retrospective coding, but as only

environment covered by fields in that FS units firing carried, on avera ’umt_s \:‘velre rgjot ellmlnei}e_dlfirzo(;n':tshe a{lalysm, the_ttp:jo?mtlotrlj]s are not
less position information than that of PE unii< 0.05 for superficial EC, 'caningtul and so superticia units were omitted from the propor-

P < 0.0001 for CAL and deep EC PE units, Wilcoxon rank-sum test). T jon significant analysis. For all unit types shown, a greater number of both

relationships among PE units were the same as those presented in aogéll"t?(;tns ng?wpe; {)?Jttronsoaelgtslvirfi?sm; trr]sgt;vroﬁlt? rr?t?e?xspr?:\}vee%byrgzagggilgn
previous manuscript (Frank et al. 2000). ! +ag prosp

coding than would be expected by chance, although the number of FS units

[ : - amined was relatively small, so we cannot concluded that FS units do not
note that the total distribution of average firing rates W{%( w prospective coding. The number of units showing prospective coding

genera”){ similar to that presented bY_ Barnes et al. (1990) awni inhomogeneousP(< 0.01, logistic regression), suggesting that pro-
Mizumori et al. (1992). At the same time, the overall averaggective coding is most prevalent in the deep EC. Note that the criteria for
rate for superficial EC cells reported by Quirk et al. (1992) walstermining that a cell shows prospective or retrospective coding are very
7.1+ 9.0 Hz, a rate much higher than that of EC PE units jigstrictive, and the actual proportion of cells showing some form of

our study, suggesting that a relatlvely Iarge proportion of ttj|)éospect|ve or retrospective activity may be closer to 50% (see Table 2)

units they recorded from may have been FS units. firing of CA1 theta (FS) units was strongly coupled to that of
In addition, the cross-correlation analyses revealed that, {gfjjvidual CA1 pyramidal (PE) units. Thus our results suggest

both CA1 and the deep EC, PE and FS units recorded simigla jn hoth CA1 and the deep EC, there are strong monosyn-

taneously on the same tetrode were much more likely to Sh%‘ﬁ{tic connections between PE and FS units.

a strong short-time cross-correlation than pairs of PE units.

That also supports our contention that our division of units intg,.; : ;

PE and FS subtypes reflects an actual difference in the cellsgv:})elke train properties

recorded from; if the division was not valid, we would not Overall, the interspike interval distributions, autocorrela-

expect to see differences in the likelihood of a significations, and proportion of spikes associated with bursts for su-

short-time cross-correlation. Our finding is consistent with thgerficial EC, CAl, and deep EC FS units were similar, sug-

results of Csicsvari et al. (1998), who demonstrated that tgesting that the hippocampal and EC inhibitory cells have

TABLE 2. Units used in the prospective and retrospective coding analyses

Superficial EC FS Superficial EC PE CAl1 FS CAl PE Deep EC FS Deep EC PE
Total tested 11 49 38 218 32 164
Number significant 9 11 17 79 19 77
P/DIV eliminated 5 4 11 48 13 47
Inconsistent eliminated 3 0 4 6 1 3

The first row shows the number of units tested from each region. Note that a unit that had a field on the center arm of the W track in both inbound and outbot
directions was counted as two units, one for each direction. The second row shows the number of units where the single-window GLM analysis was signific
in at least one window, indicating the presence of prospective or retrospective coding. Overall, between 22 and 82% of the units showed someegrrospecti
retrospective coding, indicating that a large proportion of CA1 and EC units fire at different rates depending on the animal’s past or intendesitfoture p
The third row shows the number of units that were then excluded from the analysis because the prospective or retrospective coding was assat@eaaéd with |
position differences (P), head difference&0° (D), or velocity differences-5 cm/sec (V). The fourth row gives the number of units that were eliminated from
the analysis because they showed inconsistent prospective or retrospective coding, where the firing rate was higher for a path involving tliehlefi\arm o
track in one window and higher for a path involving the right arm in a different window.
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FIG. 10. The average path equivalence coefficients.
Path equivalence, a measure of the extent to which
a unit was active in the same relative location along
multiple paths through either one environment (W
Sup EC PE CA1FS CA1PE Deep ECFS Deep EC PE versus W) or across environments (W versus U) was
significantly higher for Deep EC FS and PE units
v y ! —1— ¥ than for CA1 FS and PE units. That suggests that
while the spatial specificity of FS and PE units is
very different, the relationship of their activity to the
geometry of the track and to the behavior of the
animal is similar.
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similar firing properties. The spike train properties of PE uniterms of the structure of their spike trains and in terms of
from CAl and the EC, on the other hand, were very differergimple measures of spatial receptive field properties. FS units
as CAl PE units frequently fired in bursts while EC PE unitgnded to have different properties than PE units, and PE units
seldom fired in bursts. As bursts are thought to be related to fiieém CA1 tended to be quite different from PE units from the
induction of plasticity both pre- and postsynaptically in thec, in terms of their spike train properties and the degree of
hippocampus (Lisman 1997; Thomas et al. 1998), that suggeggatial specificity seen in their firing. Those results suggest that
that there may be differences in the nature of the induction g§ ynits from CA1 and the EC may have similar physiological
plasticity in CA1 as compared with the EC. properties while PE units from these regions differ substan-

] tially.
Theta modulation

We found that the firing of both PE and FS units from a ; ; : ;
regions were theta modulated, although deep EC FS unllhgospectlve/retrospectlve coding and path equivalence

tended to be less strongly modulated than other types of unitsyyhile FS and PE units differed substantially in terms of their
That result is consistent with previous data from the in vitrg,iye train characteristics and the measures of spatial specific-
preparation documenting subthreshold membrane OSC'"at'S%Sdiscussed in the preceding text, the two “higher-order”

at the frequency of the theta rhythm in both superficial ang iy ses of spatial firing properties, prospective/retrospective

deep EC units (Hamam et al. 2000; Schmitz et al. 1998) and . : ; L
with results from the intact animal where theta modulated un%dmg’ and path equivalence, yielded more similar results for

have been found in the superficial and deep EC (Alonso a and FS units from each region. Both PE and FS units

Garcia-Austt 1987b; Jeffery et al. 1995; Stewart et al. 199 _pwed ret_rospe_ctive coding, and Fhe prc_)portion of PE and FS
At the same time, we should note that Chrobak and Buzs its showing this property were similar in CA1 and the deep

(1994) reported that while the superficial EC units they ré&=C- Prospective coding was observed only in PE units and was

corded from were theta modulated, the deep EC units were iB@St prevalent in the deep EC, but as the numbers of FS units
were relatively small, we cannot conclude that FS units do not
show prospective coding. As such, FS units appear to be as
likely as PE units to fire at a different rate in the same location

Just as FS units from the superficial EC, CA1, and the dedppending on the animal’'s past location. The activity of FS
EC had generally similar spike train characteristics, these unitsits can therefore reflect the relationships between the ani-
also had similar spatial firing properties. FS units tended toal's position and the trajectory through the environment.
have long fields that covered a large proportion of the envurthermore, deep EC PE and FS units tended to show strongly
ronment, and the firing of these units contained relatively littigath equivalent firing while CA1 PE and FS units tended to
position information, a result consistent with previous findingshow less path equivalent firing. These results are generally
for CA1 FS units (Kubie et al. 1990; McNaughton et al. 1983)onsist with those of Rao et al. (1999), who found that FS
and, more generally, with findings from FS units in rat sensoagctivity in the primate prefrontal cortex also reflected complex
cortex (Brumberg et al. 1996; Simons 1978). stimulus attributes. The most obvious explanation for the pres-

Overall, the results from the spike train and spatial firingnce of these higher-order spatial firing properties in the firing
properties suggest that FS units from the superficial EC, CAdf, FS units is the previously discussed coupling between PE
and the deep EC are generally similar to one another bothand FS units.

Spatial firing properties
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