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ABSTRACT: Differences in behavioral roles, anatomical connectivity,
and gene expression patterns in the dorsal, intermediate, and ventral
regions of the hippocampus are well characterized. Relatively fewer
studies have, however, focused on comparing the physiological proper-
ties of neurons located at different dorsoventral extents of the hippo-
campus. Recently, we reported that dorsal CA1 neurons are less
excitable than ventral neurons. There is little or no information for how
neurons in the intermediate hippocampus compare to those from the
dorsal and ventral ends. Also, it is not known whether the transition of
properties along the dorsoventral axis is gradual or segmented. In this
study, we developed a statistical model to predict the dorsoventral posi-
tion of transverse hippocampal slices. Using current clamp recordings
combined with this model, we found that CA1 neurons in dorsal, inter-
mediate, and ventral hippocampus have distinct electrophysiological
and morphological properties and that the transition in most (but not
all) of these properties from the ventral to dorsal end is gradual. Using
linear and segmented regression analyses, we found that input resist-
ance and resting membrane potential changed linearly along the V–D
axis. Interestingly, the transition in resonance frequency, rebound slope,
dendritic branching in stratum radiatum, and action potential properties
was segmented along the V–D axis. Together, the findings from this
study highlight the heterogeneity in CA1 neuronal properties along the
entire longitudinal axis of hippocampus. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The rodent hippocampus is widely studied for its unique role in learn-
ing and memory. It has become increasingly apparent that hippocampus is
not a homogeneous structure, and in fact the hippocampal longitudinal
axis (also referred to as dorsoventral or septotemporal axis) is anatomically
and functionally segregated (Bannerman et al., 2004; Fanselow and Dong,

2010; Strange et al., 2015). Early studies using targeted
lesions and pharmacological blockade of different parts
of the longitudinal axis showed that the dorsal two-
thirds of the hippocampus is preferentially involved in
spatial learning (Moser et al., 1995; Moser and Moser,
1998) and that the ventral one-third part plays an
important role in mediating anxiety-like behavior and
emotional learning (Zhang et al., 2001; Kjelstrup et al.,
2002; Yoon and Otto, 2007). Consistent with the dif-
ferences in behavioral roles of dorsal (DHC) and ventral
hippocampus (VHC), the anatomical connectivity of
DHC and VHC is also different. While the dorsal two-
thirds of the hippocampus receives visuospatial sensory
information from sensory cortices via the medial ento-
rhinal cortex, the VHC on the other hand is highly con-
nected to amygdala, prefrontal cortex (PFC) and
hypothalamus (Swanson and Cowan, 1977; Amaral and
Witter, 1989; Dolorfo and Amaral, 1998). Additionally,
place specific firing fields are discrete and precise in the
dorsal end of the hippocampus and the size of the place
fields increases from dorsal to ventral end (Jung et al.,
1994; Poucet et al., 1994; Kjelstrup et al., 2008). In
addition to distinct behavioral roles, diseases of the hip-
pocampus have different effects on the DHC and
VHC. Ventral hippocampus, and not the dorsal, is con-
sidered to be the site of initiation of seizures in temporal
lobe epilepsy (Gilbert et al., 1985; Bragdon et al., 1986;
Akaikea et al., 2001; Toyoda et al., 2013). In contrast,
dorsal CA1 neurons are more prone to damage by
ischemia (Ashton et al., 1989).

These functional and neuroanatomical studies argued
for distinct dorsal and ventral segments of the hippo-
campus. Interestingly, a third part of the hippocampal
longitudinal axis, called the intermediate hippocampus
(IHC), receives DHC like visuospatial inputs and is
also connected to the PFC and subcortical areas, such as
the amygdala and hypothalamus (Fanselow and Dong,
2010). Owing to this overlapping anatomical connec-
tivity, IHC plays a specific role in rapid place encoding
tasks (Bast et al., 2009). Recent gene expression studies
in rodents have also provided evidence for distinct
molecular boundaries within the longitudinal axis that
segregate the hippocampus into dorsal, ventral, and
intermediate molecular expression zones (Thompson
et al., 2008; Dong et al., 2009; Fanselow and Dong,
2010; O’Reilly et al., 2015).

Although the behavioral roles and anatomical connec-
tivity of DHC, VHC, and IHC are well characterized,
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fewer studies have focused on comparing the physiological proper-
ties of neurons located at different dorsoventral extents of the hip-
pocampus. Recent in vitro electrophysiology studies using slices
obtained from dorsal and ventral ends of the hippocampus of adult
rats (Dougherty et al., 2012) have shown that CA1 neurons in
VHC are intrinsically more excitable than dorsal CA1 neurons.
This enhanced excitability of ventral CA1 neurons stems from a
more depolarized resting membrane potential (RMP) and higher
input resistance (Rin) (Dougherty et al., 2012). Also, CA1 neurons
from VHC have fewer branches and less dendritic surface area
when compared to dorsal CA1 neurons. Interestingly, the differen-
ces in electrophysiological properties of dorsal and ventral CA1
neurons are also contributed by differential expression of voltage-
gated ion channels, such as hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels (Marcelin et al., 2012b; Dough-
erty et al., 2013). These channels play a crucial role in maintaining
the resting properties of CA1 neurons and also significantly affect
the integration and transfer of voltage signals along the somatoden-
dritic axis (Magee, 1999; Nolan et al., 2004; Nolan et al., 2007;
Narayanan and Johnston, 2008; Vaidya and Johnston, 2013).

Although, the previous slice physiology studies compared the
neuronal properties of CA1 neurons located at the dorsal and
ventral ends of the hippocampus, it is not known whether
there are distinct boundaries dividing the dorsal and ventral
poles. Also, it is not known whether there is a specialized inter-
mediate part of hippocampus that consists of CA1 neurons
that have electrophysiological and morphological properties dif-
ferent from the neurons in the dorsal and ventral poles. An
alternative possibility could be that the physiological properties
of CA1 neurons gradually change from dorsal to ventral end.

Thus, to test whether transition in the properties of CA1
pyramidal neurons along the longitudinal axis is linear or seg-
mented, we obtained whole-cell current clamp recordings from
CA1 neurons in DHC, IHC, and VHC slices and quantified
hippocampus-wide trends in subthreshold membrane proper-
ties, action potential properties, firing output, and morphology
of CA1 neurons. Using fixed tissue, we developed a coordinate
system for the entire longitudinal axis based on measurements
within a hippocampal slice. This coordinate system was used to
determine the longitudinal position of transverse hippocampal
slices post hoc. We show that the CA1 neurons in DHC, IHC,
and VHC have distinct subthreshold and suprathreshold elec-
trophysiological properties. Also, we observed that the subthres-
hold membrane properties of CA1 neurons changed linearly
along the longitudinal axis. The gradients in morphological
properties, Ih sensitive membrane properties, and suprathres-
hold properties were, however, segmented.

METHODS

Acute Hippocampal Slices for Electrophysiology

Adult male 1.5–2 month (150–300 g) old Sprague-Dawley
rats were used in accordance to the rules and regulations of the

University of Texas at Austin Institutional Animal Care and
Use Committee. Rats were anaesthetized with a mixture of
Ketamine and Xylazine, and transcardially perfused with ice-
cold cutting solution containing the following (in mM): 210
sucrose, 1.25 NaH2PO4, 25 NaHCO3, 2.5 KCl, 0.5 CaCl2, 7
MgCl2, 7 dextrose, 1.3 ascorbic acid, 3 sodium pyruvate,
(bubbled with 95% O225% CO2, pH �7.4). Rats were then
decapitated, the brains were removed, and a cut was made
along the midline to separate the two hemispheres.

Four different blocking techniques were used to obtain
transverse 350 mm thick slices from dorsal (DHC), intermedi-
ate (IHC), and ventral hippocampus (VHC) using a vibrating
blade microtome (VT1000A, Leica Microsystems Inc.). DHC
and VHC slices were obtained using the same blocking techni-
ques described previously (Dougherty et al., 2012). Briefly,
DHC slices were obtained by making a blocking cut at a 458

angle from the coronal plane starting at the posterior end of
the forebrain. A second blocking cut was also made at 458 rela-
tive to the coronal plane, but starting from approximately one-
third of the total length of the forebrain (from the most ante-
rior point). Brains were mounted on the flat surface created by
the first blocking cut. Approximately, 5–6 dorsal slices were
obtained from each hippocampus. VHC slices were prepared
by laying one hemisphere of the brain on its sagittal surface. A
blocking cut was made at 208 relative to the horizontal plane.
Tissue was mounted on the flat surface created by the blocking
procedure. Approximately three ventral slices were obtained
using this technique.

Transverse IHC slices were obtained using two different slic-
ing methods: (1) hemisected brain was placed on its sagittal
surface and blocking cut was made approximately 158 to the
sagittal plane. Brains were mounted on the flat surface created
by this blocking cut and 4–6 slices were obtained; (2) hippo-
campus was dissected out and parallel blocking cuts were made
at one-third and two-thirds extents of the hippocampus. Tissue
was mounted on the ventral surface against agar blocks and 5–
6 sections were obtained.

Slices obtained using the above-mentioned blocking cuts
were transferred to a chamber containing holding saline com-
posed of (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25
NaHCO3, 2 CaCl2, 2 MgCl2, 12.5 dextrose, 1.3 ascorbic acid,
3 sodium pyruvate (bubbled with 95% O225% CO2, pH
�7.4). Slices were allowed to recover at 378C for 30 min fol-
lowed by recovery at room temperature (22–248C) for 30 min.
On any given day, two different blocking cuts were used for
the two hemispheres. This was done to enhance sampling of
electrophysiological recordings from a larger part of the hippo-
campal long axis for every experimental animal.

Whole-Cell Patch Clamp Recordings

Whole-cell current-clamp recordings were obtained from
submerged slices perfused in heated (32–348C) artificial cere-
brospinal fluid (aCSF) containing (in mM); 125 NaCl, 3 KCl,
1.25 NaH2 PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2, 12.5 dex-
trose (bubbled with 95% O2/5% CO2, pH �7.4). In all
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experiments 20 lM 6,7 dinitroquinoxaline-2,3-dione
(DNQX), 50 lM D,L22-amino-5 phosphonovaleric acid (D,L-
APV) and 2 lM gabazine were added to the aCSF. Neurons
were visualized using Zeiss Axioskop microscope fitted with
differential interference contrast optics using infrared illumina-
tion and an infrared video camera (DAGE-MTI, Michigan
city, IN). Pyramidal neurons located in the middle of the prox-
imodistal (CA3–Subiculum) axis of CA1 region, close to stra-
tum radiatum were targeted for recordings. Patch electrodes
(4–6 MX) were pulled from borosilicate capillary glass of
external diameter 1.65 mm (World Precision Instruments)
using a Flaming/Brown micropipette puller (model P-97, Sut-
ter Instruments). Electrodes were filled with an internal solu-
tion containing the following (in mm): 120 K-gluconate, 20
KCl, 10 HEPES, 4 NaCl, 7 K2-phosphocreatine, 0.3 Na-GTP,
and 4 Mg-ATP (pH �7.3 adjusted with KOH). Neurobiotin
(Vector Laboratories) was included (0.1–0.2%) for subsequent
histological processing.

Electrophysiology data were recorded using a Dagan BVC-
700 amplifier with custom-written acquisition software in the
IgorPro environment (Wavemetrics). Signals were low-pass fil-
tered at 3–10 kHz and sampled at 10–40 kHz using an ITC-
18 computer interface (InstruTech, Port Washington, NY). Vol-
tages have not been corrected for measured liquid junction
potential (�8 mV). Upon successful transition to the whole-
cell configuration, the neuron was given at least 5 min to stabi-
lize before data were collected. Access resistance and pipette
capacitance were appropriately compensated, before each
recording. Experiments were terminated if access resistances
exceeded 30 MX.

Data Analysis

Input resistance (Rin) was calculated as the slope of the linear
fit of the voltage–current plot generated from a family of
hyperpolarizing and depolarizing current injections (250 to
150 pA, steps of 10 pA). The membrane time constant was
calculated as the slow component of a double-exponential fit of
the average voltage decay in response to a hyperpolarizing cur-
rent injection (2400 pA, 1 ms). Rebound slope was measured
as the slope of the rebound potential amplitude as a function
of the steady-state voltage in response to hyperpolarizing cur-
rent injections. Resonance frequency (fR) was measured using a
sinusoidal current injection of constant amplitude and linearly
spanning 0–15 Hz in 15 s (CHIRP15). The impedance ampli-
tude profile (ZAP) was determined by taking the ratio of the
fast Fourier transform of the voltage response to the fast Fou-
rier transform of the CHIRP current. Resonance frequency (fR)
was defined as the peak of the ZAP and resonance strength (Q)
the ratio of the peak impedance to the impedance at 0.5 Hz.

Firing frequency was calculated by averaging the instantane-
ous firing frequency of action potentials fired in response to
depolarizing current injections. Single action potentials (APs)
that occurred 50 ms (615 ms) after current onset were ana-
lyzed for AP threshold, maximum dV/dt (millivolts per milli-
seconds), AP amplitude, and AP half-width. Threshold was

defined as the voltage at which the value of first derivative of
voltage with time exceeded 20 mV ms21. AP amplitude was
measured from threshold to peak, with the half-width meas-
ured at half this distance. Index of spike-frequency accommo-
dation (SFA) was calculated as the ratio of the last inter-spike
interval to the first inter-spike interval for a current injection
step that elicited 10–12 spikes (Keshavarzi et al., 2014).

Histological Processing and Anatomical
Reconstructions

Slices were fixed with 3% glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.4) and stored at 48C for at least 48 h (up
to 3 months). Slices were processed using an avidin–HRP sys-
tem activated by diaminobenzidine (DAB; Vector Laborato-
ries). DAB-processed slices were mounted in glycerol.
Anatomical reconstructions were performed using a compound
microscope fitted with a 403 objective and a computer-
controlled indexing system running Neurolucida 6.0 imaging
software (MBF Bioscience, Williston, VT).

Tissue Preparation for Construction of
Hippocampal Maps

Serial 300 mm thick transverse hippocampal sections were
prepared from nine Sprague-Dawley rats. Rats were anaesthe-
tized and brains were removed using the same methods used
for acute slice preparation. Hippocampi were dissected from
the brain and were extended using the straightened hippocam-
pal fissure as a guide (Gaarskjaer, 1978). Hippocampi were
serially sectioned (ventral to dorsal) in 300 mm increments
using a McIlwain tissue chopper. Because the blade was ori-
ented perpendicular to the hippocampal fissure, all resulting
sections were assumed to be transverse. Thick sections (300
mm) were preferred over thinner sections (100 mm) so that tis-
sue processing and visualization remained comparable to our
experimental slices. Sections were immediately fixed with 3%
gluteraldehyde, and after 24 h of fixation, were cleared with
glycerol and mounted on glass microscope slides for later visu-
alization. Slice images were obtained using a Zeiss Axio Imager
Z2 microscope running AxioVision software (v. 4.8.2; Carl
Zeiss, Thornwood, NY).

Anatomical Dimensions and Scoring Guidelines

Images were imported into ImageJ and independently scored
by three individuals who were blinded to the longitudinal posi-
tion of each section. The average of these three measurements
was used to build our statistical model. The anatomical dimen-
sions and scoring guidelines were as follows: the transverse
length of CA1 (CA1_TL) was determined by tracing the
pyramidal cell layer from the CA2 border (noting the transi-
tion from large to small, compact pyramids) to the CA1-
subiculum border, where the compact pyramidal cell layer dis-
aggregates. The radial length of stratum lacunosum moleculare
(SLM) in CA1 (CA1_SLM) was determined by drawing a line
beginning at the border of stratum radiatum, extending across
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SLM, and ending at the hippocampal fissure. This line origi-
nated at �50% of the CA1_TL, and was drawn at an angle
perpendicular to the pyramidal cell layer. The transverse length
of CA3 (CA3_TL) was determined by tracing the pyramidal
cell layer from its origin (near the hilus of the DG) to the dis-
tal end of CA2 (i.e., CA2 was included in this measurement).
The radial length of CA3 (CA3_RL) was determined by draw-
ing a straight line beginning at the termination of the hippo-
campal fissure, extending perpendicularly across the pyramidal
cell layer, and ending at the alveus. The transverse length of
the dentate gyrus (DG_TL) was determined by tracing the
granule cell layer from the tip of the infrapyramidal blade to
the tip of the suprapyramidal blade. The tip-to-tip distance
(DG_TTD) was determined by drawing a straight line from

the tip of the infrapyramidal blade to the tip of the suprapyra-
midal blade. See Figures 1A,B for a visual depiction of these
anatomical dimensions and scoring guidelines.

Statistics

Statistical tests and regression analysis were performed using
MATLAB and STATA. All plots were made in IGOR Pro. The
location of each experimental slice/neuron was mapped along
the longitudinal hippocampal axis according to the linear
regression model: relative position 5 b0 1 b1 (CA1 ratio) 1 b2

(CA3 ratio) 1 b3 (DG ratio), with the following best-fit esti-
mates: b0 5 27.23 6 0.43, b1 5 0.43 6 0.02, b2 5 0.51 6 0.16,
and b3 5 0.34 6 0.086, Adj-R2 5 0.9312, n 5 203 sections

FIGURE 1. Measurement and quantification of the anatomical
predictors of slice position in the longitudinal axis. A: Representa-
tive images of hippocampal slices obtained from sectioning an
entire hippocampus from the ventral to dorsal (V–D) end. Index-
slice represents the slice where the morphology of DG granule cell
layer changed from U-Shape to V-shape. B: Scheme for measure-
ment of anatomical markers associated with the hippocampal for-
mation depicted using representative slices close to ventral (left,
slice # 13) and dorsal end (right, slice # 32): CA1, transverse
length (CA1_TL, dashed brown line) and radial length of stratum
lacunosum moleculare (CA1_SLM, solid brown line); CA3, trans-
verse length (CA3_TL, dashed blue line) and radial length
(CA3_RL, solid blue line); DG, transverse length (DG_TL, dashed
red line) and tip-to-tip distance (DG_TTD, solid red line). C–E:

Transverse (circles) and radial (triangles) measurements from CA1
(C), CA3 (D), and DG (E) are plotted against the slice number
(V–D) for one representative hippocampus. The ratios of the
transverse-to-radial dimensions (black diamonds) of CA1 (C), CA3
(D), and DG (E) are plotted against the slice number. There was a
significant linear correlation (tested using Pearson correlation coef-
ficient) between the three ratios and slice position (n 5 27 slices;
CA1_ratio: r 5 0.98, P < 0.01; CA3_ratio: r 5 0.88, P < 0.01;
DG_ratio: r 5 0.97, P < 0.01) indicating that these ratios are very
good predictors of slice position in the longitudinal axis. Black
lines are regression lines. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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(Table 1). Regression using a nested experimental design (i.e.,
predictors nested within their respective hippocampus) did not
significantly improve the predictive capability of the model (data
not shown).

Linear and segmented regression analysis of electrophysiolog-
ical and morphological data was performed using STATA. Data
were fitted with linear regressions and segmented regressions
with single unknown breakpoints. We also performed seg-
mented regression analysis with unknown multiple break
points. For all properties, adding more than one breakpoint
did not improve the fit significantly (data not shown). Thus,
all segmented regressions shown in this study have one break-
point. Significant improvement in the fit of the data with seg-
mented regression as compared to linear regression was
estimated using the following criteria: significant increase in
adjusted chi-square for the segmented fit, significant breakpoint
location, and a significant difference between the slopes of the
two segments.

Equality of variance for grouped electrophysiology data was
tested using Bartlett test and Levene’s test. All grouped data
distributions were tested for normality using Lilliefors test. The
grouped electrophysiology data had unequal variance. There-
fore, across group statistical comparisons were made using a
non-parametric test, Kolmogorov–Smirnov’s test for analysis of
variance. This was followed by a pairwise post hoc Mann–
Whitney U test with a Bonferroni correction.

RESULTS

In this study, we sought to (1) develop a linear coordinate
system representing the longitudinal hippocampal axis, (2) map
the recorded CA1 neurons onto this coordinate system, and (3)
evaluate transition in electrophysiological and morphological
properties along the longitudinal axis. Accordingly, serial sec-
tions with known longitudinal positions were used to construct
a statistical model of the extended hippocampus. The longitu-
dinal positions of the experimental neurons were estimated
post hoc using this coordinate system.

Statistical Model for Mapping Slice Position in
Longitudinal Axis

Arrays of transverse 300 mm serial sections from nine
extended hippocampi served as the raw material for building
the linear coordinate system (Figs. 1 and 2). Although the total
longitudinal length of the extended hippocampi was �12 mm,
only about 10 mm was considered “usable,” as sections from
the extreme ventral and dorsal poles contained very few recog-
nizable anatomical landmarks. These sections were not
included in subsequent analyses (Slice# 4 & Slice# 38; Fig.
1A). We instead defined the boundaries of the “usable” hippo-
campus as the first and last sections where a recognizable den-
tate gyrus was present (i.e., a structure with both supra- and
infra-pyramidal blades).

Six anatomical measurements were taken from each remain-
ing section: CA1 transverse length (CA1_TL), CA1 radial
length of stratum lacunosum moleculare (CA1_SLM), CA3
transverse length (CA3_TL), CA3 radial length (CA3_RL),
dentate gyrus transverse length of the granule cell layer
(DG_TL), and the tip-to-tip distance between the blades of
the dentate gyrus (DG_TTD). Each anatomical dimension was
plotted against its known longitudinal coordinate and pre-
sented in Figures 1C–E. The anatomical boundaries for each
of these measurements are described in the Materials and
Methods section and Figure 1B. Because of potential differen-
ces in the absolute anatomical dimensions between animals,
absolute anatomical measurements were transformed into rela-
tive values such that: CA1 ratio 5 CA1_TL/CA1_SLM, CA3
ratio 5 CA3_TL/CA3_RL, and DG ratio 5 DG_TL/
DG_TTD. Each section therefore produced three anatomical
ratios that were plotted against their known longitudinal posi-
tion. These particular ratios were chosen as predictors of longi-
tudinal position because they display a linear dependence on
relative longitudinal position (n 5 27 slices; CA1_ratio:
r 5 0.98, P< 0.01; CA3_ratio: r 5 0.88, P< 0.01; DG_ratio:
r 5 0.97, P< 0.01; Figs. 1C–E).

Serial arrays obtained from different animals varied by at
least the thickness of one slice (300 mm) due to inevitable dif-
ferences in the starting point for each extended hippocampus.
Thus, we normalized the longitudinal position of individual
arrays using the index-slice. Index-slice for a given array was
defined as the slice where the morphology of the granule cell
layer of the dentate gyrus changed from a U-shape to a V-
shape (Slice# 21; Fig. 1A). This slice position was marked as
the zero point on the longitudinal position axis. Negative lon-
gitudinal position values represent the ventral side of the hip-
pocampal array and positive longitudinal position values
represent the dorsal side of the hippocampal array (Figs. 2A–
F).

Using the anatomical ratios as predictor values (independent
variables) and their corresponding relative positions (dependent
variable), we performed a multivariate linear regression in order
to incorporate these dependencies into a cogent statistical
model capable of predicting slice position along the longitudi-
nal axis (Figs. 2G,H). The best-fit estimates of the model

TABLE 1.

Linear Regression Model to Predict the Hippocampal Slice Position

in Longitudinal Axis

Coefficients Estimate S.E.M. P value

b0 27.23 0.43 1.2403e239

b1 0.43 0.02 4.2266e254

b2 0.50 0.16 0.002

b3 0.34 0.08 9.3877e205

Relative longitudinal position 5 b0 1 b1 (CA1 ratio) 1 b2 (CA3 ratio) 1 b3

(DG ratio). Number of observations: 207; Root Mean Squared Error: 0.55;
R-squared: 0.93; Adjusted R-Squared 0.929.
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coefficients are listed in Table 1. Predictions based on this
model indicate that independent transverse slices can be
assigned a relative longitudinal position with an accuracy
of 6 0.59 mm with 90% confidence, corresponding to
�1.2 mm of longitudinal axis.

Mapping Experimental Slices onto the
Longitudinal Hippocampal Coordinate

Whole-cell current-clamp experiments were performed on
CA1 pyramidal neurons from positions that spanned nearly

7 mm of the longitudinal hippocampal axis. The correspond-
ing hippocampal slices were generated using four slightly differ-
ent tissue-blocking techniques, designed to produce arrays of
transverse slices from the target regions (Fig. 3A, top row).
Because the tissue was blocked with intact overlying cortex
(i.e., hippocampus was not dissected out of the brain) and also
due to animal-to-animal variability in blocking cuts, the exact
slice position in longitudinal axis was not known during the
electrophysiological recordings. After the recordings were
obtained, slices were processed for DAB staining. Neurobiotin-
filled CA1 neurons that had intact morphology and that were

FIGURE 2. Linear regression model for predicting hippocam-
pal slice position along the longitudinal axis. A–C: Trends in
transverse (circles) and radial (triangles) measurements of CA1
(A), CA3 (B), and DG (C) compiled for all hippocampi (n 5 9)
plotted against the relative ventral to dorsal distance (V–D). The
relative distances of each set of hippocampal slices were aligned
using the index-slice (represented as zero). D–F: The ratios of the
transverse-to-radial dimensions of the CA1 (D), CA3 (E), and DG
(F) for all hippocampi were plotted against their relative longitu-
dinal distance from the index-slice. G: CA1, CA3, and DG ratios
from (D–F) were used to build a linear regression model according

to the following equation: relative distance 5 b0 1 b1 (CA1
ratio) 1 b2 (CA3 ratio) 1 b3 (DG ratio). The predicted position of
each hippocampal slice is plotted against its known distance (open
green circles), resulting in a linear relationship (black line repre-
sents the linear fit). Dashed gray lines are best-fit lines to the
upper and lower bounds of the prediction interval for each point
with 90% confidence. H: Data in (G) are replotted and color-
coded to depict predicted and known position for slices from indi-
vidual hippocampal arrays. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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located within the area CA1 (Fig. 3A, bottom row) were
selected for further quantification (n 5 112 neurons, N 5 25
rats). The anatomical measurements described above were
determined from the selected slices and the regression model
was used to predict the longitudinal position of each slice.

The electrophysiological and morphological properties of the
recorded CA1 neurons were plotted against their relative longitudi-
nal position. The transition in neuronal properties was evaluated by
measurement of the correlation coefficients between the different
properties and the position of neurons in the longitudinal axis.
Interestingly, for a few properties, the transitions along the longitu-
dinal axis were not linear. To statistically quantify these abrupt tran-
sitions, we fitted the electrophysiological properties with segmented
regressions. Significant improvement in the regression fits using seg-
mented regressions were ascertained by an increase in adjusted chi-
square (R2) value. In addition to the above-mentioned regression
analysis, we binned the longitudinal axis into four segments and

statistically compared the difference in physiological properties
between all adjacent bins. The longitudinal axis was binned into
the following four bins of 1.5 mm length: ventral hippocampus
(VHC), IHC closer to ventral end (vIHC), IHC closer to dorsal
end (dIHC) and dorsal hippocampus (DHC) (Fig. 3D). Relative
longitudinal position values for the binned data plots were:
22.5 mm corresponding to VHC (n 5 29), 21 mm correspond-
ing to vIHC (n 5 23), 20.5 mm corresponding to dIHC
(n 5 34), and 2 mm corresponding to DHC (n 5 26).

Gradual Change in Subthreshold Membrane
Properties of CA1 Neurons Along Longitudinal
Axis

RMP of CA1 neurons was estimated as the voltage in response
to zero current injection. Ventral CA1 neurons had most depolar-
ized RMP and the neurons at the dorsal end had most

FIGURE 3. Using the coordinate system to predict longitudi-
nal position of recorded slices. A: Top row: Schematic representa-
tion of the four blocking angles used to obtain transverse sections
from the ventral (blocking cut one), intermediate (blocking cuts
two and three), and dorsal parts of the hippocampus (blocking
cut four). Bottom row: Neurobiotin filled CA1 neurons in repre-
sentative hippocampal sections obtained using the four different
blocking angles. Note that the anatomical features of CA1, CA3,
and DG are very different in the four example sections. B: Sche-
matic to illustrate binning of recorded CA1 neurons into four
groups based on the predicted longitudinal position (calculated
using the linear regression model). C: Plot showing the RMP of
CA1 neurons against the relative ventral to dorsal (V–D) position
of individual neurons. Note that the RMP of CA1 pyramidal neu-
rons was more depolarized at the ventral end and it decreased lin-
early along the longitudinal axis. There was a significant negative

correlation (black regression line) between the RMP of CA1 neu-
rons and the location of neurons along the longitudinal axis
(r 5 20.82, P < 1e229). Gray lines are the segmented regression
fits of RMP values. D: The effect of V–D position on change in
RMP of CA1 neurons was analyzed by binning the longitudinal
axis into four groups (bin-size: 1.5 mm). Data are presented as
whisker box plots displaying median, lower (25%), and upper
(75%) quartiles, and whiskers representing 10% and 90% range of
the data points. Gray filled circles represent the mean RMP value
for every bin. RMP was most depolarized for neurons in VHC
and decreased in all the subsequent bins. RMP of neurons between
all adjacent bins was significantly different (Kruskal–Wallis test, P
5 3.4e217; Mann–Whitney U test for comparison among groups,
**P < 1e25). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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hyperpolarized RMP. This change in RMP from ventral to dorsal
(V–D) end was gradual and RMP of CA1 neurons showed a signif-
icant negative correlation with the V–D position (Pearson correla-
tion coefficient (r) 5 20.82, P 5 1e229; Fig. 3C). The transition
in RMP of CA1 neurons along the V–D axis was better fit by a lin-
ear regression as the segmented regression did not improve the fit
and also no significant breakpoints were observed in transition of
RMP along V–D axis (Fig. 3C; Table 2). The difference in RMP
across dorsal, intermediate, and ventral parts of the hippocampus
was also analyzed by binning the V–D axis into four bins of
1.5 mm length (as mentioned above). RMP values of CA1 neurons
between all adjacent bins were significantly different (VHC:
262.2 6 0.33 mV, vIHC: 264.8 6 0.39 mV, dIHC:
267.2 6 0.29 mV; DHC: 269.6 6 0.44 mV; Kruskal–Wallis test,
P 5 3.4e217; Mann–Whitney U test for comparison among
groups, P< 1e25; Fig. 3D). It should be noted that the difference
in RMP between all adjacent bins was�2 mV.

Similar to the gradient in RMP, the input resistance (Rin) of CA1
neurons measured at RMP also decreased from ventral-to-dorsal
end of the hippocampus. Statistical analysis showed that Rin (at
RMP) of CA1 neurons had a strong negative correlation with V–D
position (r 5 20.85, P 5 1e233; Figs. 4A,C). The transition in Rin

(at RMP) of CA1 neurons along the V–D axis was adequately
described using linear regression as the segmented regression did
not improve the fit and no breakpoints were observed (Fig. 4C;
Table 2). Furthermore, binning the longitudinal axis showed that
differences in Rin (at RMP) across all adjacent bins were significant
(Kruskal–Wallis test, P 5 3.4e217; Fig. 4E). The difference in Rin

(at RMP) was, however, largest between CA1 neurons in VHC and
vIHC (VHC: 93.5 6 2.6 MX, vIHC: 65.6 6 2.9 MX, dIHC:
50.5 6 2.2 MX, DHC: 39.7 6 1.7 MX; Mann–Whitney U test
for comparison among groups, P< 1e25).

Since measurement of steady-state Rin is dependent on mem-
brane potential of neurons and RMP of CA1 neurons decreases
with V–D distance, we measured Rin at a common membrane
potential (265 mV) (Fig. 4A, bottom row). Input resistance
measured at 265 mV was weakly correlated with V–D posi-

tion (r 5 20.31, P 5 1e24; Fig. 4D). Segmented regression of
Rin (at 265 mV) along the V–D axis resulted in a slightly
larger adjusted R2 value when compared with the linear regres-
sion (Table 2). The breakpoint location and the difference in
slopes of the two segments were, however, not statistically sig-
nificant (Fig. 4D; Table 2). Analysis of the binned values
showed that only the Rin (at 265 mV) of neurons in the VHC
was significantly different from rest of the hippocampal longi-
tudinal axis (VHC: 77 6 3.1 MX, vIHC: 63.8 6 3.4 MX,
dIHC: 62.8 6 3.1 MX, DHC: 62.9 6 3 MX; Kruskal–Wallis
test, P 5 0.004; Mann–Whitney U test for comparison among
groups, VHC vs. vIHC: P 5 0.007; Fig. 4F).

Next, we measured the membrane time constant (measured at
RMP) of CA1 neurons from DHC, VHC, and IHC slices (Fig.
4B). Our analysis showed that the CA1 neurons in VHC had
the longest time constant and the length of the time constant
decreased gradually in the ventral-to-dorsal direction (r 5 20.31,
P 5 1e24; Fig. 4G). Similar to the gradient in Rin (at RMP), the
time constant (measured at RMP) of CA1 neurons also changed
linearly along the V–D axis (Fig. 4G; Table 2). The time con-
stants of neurons located in VHC and vIHC bins were signifi-
cantly different (VHC: 32.5 6 1.4 ms, vIHC: 26.9 6 1.8 ms,
dIHC: 21.6 6 1.3 ms, DHC: 17.8 6 1 ms; Kruskal–Wallis test,
P 5 6.2e210; Mann–Whitney U test for comparison among
groups, VHC vs. vIHC P< 0.01; Fig. 4H).

The analysis of the subthreshold membrane properties iden-
tified a significantly larger Rin and longer membrane time con-
stant of CA1 neurons located in the VHC as compared to the
neurons in dorsal and intermediate parts of the hippocampal
longitudinal axis. Importantly, these subthreshold membrane
properties changed gradually along this axis.

Change in Dendritic Morphology Along the
Longitudinal Axis

Input resistance and membrane time constant are influenced
in part by the complex morphology of pyramidal neurons

TABLE 2.

Regression Parameters Corresponding to Linear and Segmented Fits for Subthreshold Electrophysiological Properties of CA1 Pyramidal

Neurons Along the V–D Axis

Linear regression

Segmented regression

Breakpoint

Slopes

comparison

Cons. Slope Adj. R2 P-value Cons. Slope 1 Slope 2 Adj. R2 P-value Location P-value Diff. P-value

RMP (mV) 266.3 21.55 0.68 <0.0001 263.9 20.58 21.71 0.68 <0.0001 21.99 0.033 1.12 0.12

Rin at RMP (MX) 59.6 211.6 0.73 <0.0001 52.6 215 28.5 0.745 <0.0001 20.53 0.526 26.52 0.031

Rin at 265 mV (MX) 66.2 23.1 0.09 0.0007 49.1 210.4 20.7 0.115* 0.0005 21.3 0.05 29.74 0.05

Tau (ms) 23.9 23.15 0.38 <0.0001 24.3 21.9 24 0.38 <0.0001 0.79 0.77 1.61 0.5

V–D gradients in subthreshold electrophysiological properties of CA1 pyramidal neurons were fitted by linear and segmented regressions. Linear regression had
two factors: constant value (Cons.) and slope. Segmented regression had three factors: constant, slope of line one (slope 1) and slope of line two (slope 2). V–D
change in a few electrophysiological properties fitted better with segmented regressions than linear regressions (*significant increase in Adjusted R2).
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FIGURE 4. Subthreshold membrane properties of CA1 neu-
rons along the longitudinal axis of hippocampus. A: Representa-
tive voltage responses to 800 ms depolarizing and hyperpolarizing
current injections (250 to 150 pA, steps of 10 pA; top right sche-
matic) during somatic whole-cell current clamp recordings from
representative CA1 neurons from VHC, vIHC, dIHC, and DHC.
Top row, voltage responses recorded at the RMPs of individual
neurons. The numbers on the left side of the traces indicate the
RMP. Note that the RMP of four representative neurons were very
different. Bottom row, voltage responses from the same neurons
recorded at common membrane potential (265 mV). B: Represen-
tative voltage responses to 1 ms long hyperpolarizing current
injection (2400 pA) from representative CA1 neurons from four
bins of longitudinal axis. C, D, G: Scatter plots for input resist-
ance (Rin at RMP) (C), Rin measured at 265 mV (D) and mem-
brane time constant measured at RMP (G) of CA1 neurons
against their relative ventral to dorsal (V–D) position. Black lines
are the linear fits. Gray lines are the segmented fits. Significant
negative correlation was observed between the Rin (at RMP) of
CA1 neurons (r 5 20.85, P < 1e233) and the location of the neu-

rons in V–D axis (C). Input resistance of CA1 neurons measured
at 265 mV also decreased from ventral to dorsal end (D) but the
correlation was weaker than the correlation of Rin at RMP
(r 5 20.31, P < 1e24). There was a significant negative correlation
between the time constant (G) and V–D position (r 5 20.31,
P 5 1e24). E, F, H: Rin (at RMP) (E), Rin (at 265 mV) (F) and
membrane time constant (at RMP) (H) for binned V–D positions
are shown as whisker box plots displaying median. Gray filled
circles are mean values. The Rin (at RMP) values between all adja-
cent bins were significantly different (Kruskal2Wallis test, P 5
3.4e217; Mann–Whitney U test for comparison among groups, **P
< 1e25). Rin (at 265 mV) was significantly different for the neu-
rons located in VHC as compared to neurons located elsewhere in
the longitudinal axis (Kruskal–Wallis test, P 5 0.004; Man-
n2Whitney U test for comparison among groups, *P 5 0.007).
Membrane time constant (at RMP) was also significantly different
for neurons in VHC (Kruskal–Wallis test, P 5 6.2e210; Mann–
Whitney U test for comparison among groups, *P < 0.01).
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(Routh et al., 2009). The Rin and membrane time constant of
CA1 neurons scaled according to the V–D position of the neu-
rons. Thus, we tested whether this gradient in subthreshold
properties is matched by differences in morphology of CA1
neurons along the longitudinal position. Although distinct den-
dritic morphologies of CA1 pyramidal neurons from the DHC

and VHC have been reported, less is known about morpholo-
gies of the neurons located in intermediate regions of the hip-
pocampus (Dougherty et al., 2012). Here we compared the
morphology of neurons along the entire longitudinal axis using
a subset of the CA1 neurons from different parts of hippocam-
pal long axis (Fig. 5A; VHC (n 5 7); vIHC (n 5 7); dIHC

FIGURE 5. Morphological properties of CA1 neurons along
the longitudinal axis. A: Morphological reconstructions of repre-
sentative CA1 neurons from four regions of the longitudinal axis.
Layer stratum radiatum (SR) is shaded brown. Layer stratum
lacunosum-moleculare (SLM) is shaded purple. B: Total dendritic
length of CA1 dendrites increased linearly from ventral to dorsal
end. This increase was gradual (linear fit shown as black line) as
the segmented regression was not significant (segmented fit shown
as gray line). C: Radial length of the apical dendrites decreased
from ventral to dorsal end. Change in radial apical length was
abrupt as the segmented regression fit (gray line) was significantly
better than the linear fit (black line). D: Number of intersections
with Sholl spheres is plotted against dendritic distances. Distance
between Sholl radii was adjusted so that 30 and 10 spheres

described the apical and basal trees, respectively. Basal and apical
dendrites of CA1 neurons from VHC had significantly fewer inter-
sections with Sholl spheres than neurons from other regions along
the longitudinal axis (Two-way ANOVA, P 5 7.6e210). E–H: Scat-
ter plots showing the V–D change in number of intersections with
Sholl spheres for basal dendrites (E), in proximal SR region (F),
in distal SR region (G), and in SLM (H). Black lines are linear fits
and gray lines are segmented fits. Number of intersections in basal
dendrites increased gradually from ventral to dorsal end. The
increase in number of intersections in proximal and distal SR was
segmented. No change in number of intersections in SLM along
the longitudinal axis. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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(n 5 8); DHC (n 5 7)). The total dendritic length of CA1
pyramidal neurons increased from the ventral to dorsal end of
the hippocampus (Fig. 5B). This increase in total dendritic
length was fitted best by linear regression (Fig. 5B; Table 3).
Interestingly, the radial length of apical dendrites (the path
length from the furthest point of the dendrite in SLM to the
soma) decreased from the ventral-to-dorsal end (Figs. 5A,C).
The radial length of CA1 apical dendrites showed a segmented
transition along the longitudinal axis as the data were better fit-
ted by segmented regression (Fig. 5C; Table 3).

Another morphological feature that varied with position
along the longitudinal axis was dendritic branching. A detailed
quantification of the branching pattern of the basal and apical
dendrites of CA1 neurons was done using Sholl analysis (Sholl,
1953) (Fig. 5D). The number of intersections of the basal den-
drites with the Sholl spheres was lowest for the VHC neurons
and increased gradually for the neurons from intermediate and
dorsal parts of the hippocampus (Fig. 5E; Table 3). The
ventral-to-dorsal change in branching pattern of the apical
arbor of CA1 neurons was, however, not gradual (Figs. 5F–H).
Apical dendrites in the proximal SR and distal SR region of
area CA1 located closer to the ventral end had fewer intersec-
tions and the number of intersections increased from V–D
end. This increase in number of intersections showed an abrupt
change along the longitudinal axis. Segmented regression fits
were significantly better than linear fits for the number of
intersection in proximal and distal SR region along the longitu-
dinal axis (Figs. 5F,G; Table 3). Interestingly, number of inter-
sections in SLM of area CA1 did not change along the
longitudinal axis (Fig. 5H). Overall, the morphological analysis
showed that the CA1 neurons at the ventral end have longer

apical dendrites with fewer dendritic branches in the SR region
as compared to the neurons in the intermediate and dorsal
parts of the hippocampus.

Changes in Resonance and Rebound Slope
Along the Longitudinal Axis

In addition to neuronal morphology, the expression of
voltage-gated ion channels has a significant impact on subthres-
hold membrane properties of CA1 neurons. Recent reports
have indicated dorsoventral differences in the expression pat-
tern of HCN channels in CA1 neurons (Marcelin et al.,
2012b; Dougherty et al., 2013). A fraction of these HCN
channels, which mediate hyperpolarization-induced inward cur-
rent (Ih), are active near rest and therefore contribute to the
Rin and RMP of CA1 neurons thereby serving as a key regula-
tor of neuronal excitability (Narayanan and Johnston, 2008;
Dougherty et al., 2013). The differences in Rin along the longi-
tudinal axis could be in part due to changes in the contribu-
tion of Ih. To test this prediction, we used two different
current-clamp measurements that provide indirect estimates of
amount of Ih in CA1 neurons: resonance frequency, which
results from the high-pass filtering properties of Ih (Narayanan
and Johnston, 2008); and voltage rebound, which results from
the slow deactivation kinetics of Ih (Magee, 1998; Brager and
Johnston, 2007). We determined the resonance frequency (fR)
and resonance strength (Q) using the CHIRP15 stimulus
injected at RMP and at a common membrane potential (265
mV) (Fig. 6A). Neurons located along the entire longitudinal
axis of hippocampus had similar fR (r 5 20.05, P 5 0.57;
Fig. 6B; Table 4) and Q (Fig. 6F) when recordings were

TABLE 3.

Regression Parameters Corresponding to Linear and Segmented Fit for Morphological Properties of CA1 Pyramidal Neurons Along the V–D

Axis

Linear regression

Segmented regression

Breakpoint

Slopes

comparison

Cons. Slope Adj. R2 P-value Cons. Slope 1 Slope 2 Adj. R2 P-value Location P-value Diff. P-value

Total dendritic length (mm) 7.98 0.71 0.4 <0.0001 7.72 0.55 1.09 0.4 0.0004 0.6 0.82 20.53 0.43

Apical radial length (mm) 0.73 20.025 0.24 0.004 0.64 20.07 0.013 0.42* 0.0003 20.41 0.26 20.08 0.005‡

Avg. number of intersections

(proximal SR)

8.4 0.039 20.03 0.86 22.3 5.1 20.32 0.12* 0.05 22.5 0.001† 5.4 0.02‡

Avg. number of intersections

(distal SR)

10.1 1.6 0.46 <0.0001 13.9 3.4 0.64 0.54* <0.0001 20.93 0.3 2.8 0.02‡

Avg. number of

intersections (SLM)

4.9 0.15 20.014 0.44 4.3 20.1 0.3 20.04 0.66 20.92 0.86 20.4 0.6

Avg. number of

intersections (basal)

9.28 1.78 0.75 <0.0001 10.05 2.2 1.3 0.76 <0.0001 20.1 0.93 0.9 1.25

V–D gradients in morphological properties of CA1 pyramidal neurons were fitted by linear and segmented regressions. Linear regression had two factors: constant
value (Cons.) and slope. Segmented regression had three factors: constant, slope of line one (slope 1) and slope of line two (slope 2). V–D change in a few electro-
physiological properties fitted better with segmented regressions than linear regressions (*significant increase in Adjusted R2; †significant estimation of change
point; ‡ significant difference between the slopes of two lines in the segmented regression).
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obtained at their respective RMPs (VHC: 3.17 6 0.12 Hz,
vIHC: 3.3 6 0.18 Hz, dIHC: 3.1 6 0.18 Hz, DHC:
3.08 6 0.13 Hz; Kruskal–Wallis test, P 5 0.004; Fig. 6C).
When measured at a common membrane potential (265 mV),
both fR (r 5 20.47, P< 1e27; Fig. 6D) and Q (r 5 20.4,
P< 1e25; Fig. 6G) had a significant correlation with V–D dis-
tance. Resonance frequency measurements at 265 mV for
CA1 neurons fitted better with a segmented regression illustrat-

ing a significant breakpoint (Figs. 6D,F; Table 4). Binned data
analysis also showed that the fR (at 265 mV) of the CA1 neu-
rons in the ventral half was significantly larger than the fR (at
265 mV) of neurons in the dorsal half of the hippocampal
long axis (VHC: 3.7 6 0.17 Hz, vIHC: 3.49 6 0.17 Hz,
dIHC: 2.77 6 0.11 Hz, DHC: 2.63 6 0.11 Hz; Kruskal–Wallis
test, P 5 1.6e26; Mann–Whitney U test for comparison among
groups, vIHC vs. dIHC bin: P 5 0.01; Fig. 6E).

FIGURE 6.
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The second indirect measurement that was used to quantify
the differences in Ih in CA1 neurons along the longitudinal
axis was Rebound Slope (RS). The RS was determined from
the voltage responses to a family of hyperpolarizing somatic
step current injections starting from either RMP [RS (at
RMP)] or from a common membrane potential [RS (at 265
mV)] (Fig. 6H). Negative values of rebound slopes are associ-
ated with larger Ih and vice versa. We found that the RS (at
RMP) decreased in the ventral-to-dorsal direction (r 5 0.3,
P< 1e24, Fig. 6I). Stronger correlation with V–D position was
observed for RS measured at 265 mV (r 5 0.54, P< 1e210;
Fig. 6K). Interestingly, for both RS (at RMP) and RS (265
mV) measurements from CA1 neurons along the V–D axis fol-
lowed a segmented regression and showed significant break-
points (Figs. 6I–K; Table 4). In the binned data comparison,
between groups RS values were not different when measured at
RMP (VHC: 20.25 6 0.01, vIHC: 20.21 6 0.02, dIHC:
20.2 6 0.01, DHC: 20.2 6 0.01; Kruskal–Wallis test,
P 5 0.5; Fig. 6J). The same analysis of RS at 265 mV showed
significantly larger RS values for the VHC neurons (VHC:
20.3 6 0.01, vIHC: 20.23 6 0.02, dIHC: 20.18 6 0.01,
DHC: 20.19 6 0.02; Kruskal–Wallis test, P 5 1.6e26; Mann–
Whitney U test for comparison among groups, VHC vs.
vIHC: P< 0.01; Fig. 6L). These current-clamp measurements
suggest that the differences in subthreshold properties along the
V–D axis could be partly due to greater Ih in more ventrally
located CA1 neurons.

Firing Output of CA1 Neurons Along the
Longitudinal Axis

Differences in subthreshold properties (like RMP and Rin)
can have a significant influence on firing output of neurons.
The firing output is also determined by differences in action
potential properties (like threshold, amplitude, and half-width).
In adult rats, VHC neurons are intrinsically more excitable
than DHC neurons (Dougherty et al., 2012). Here we tested
whether the increase in firing output is restricted to the neu-
rons located at the ventral end or whether there is a gradual

change in firing output along the longitudinal axis. We com-
pared the firing output and single action potential properties of
CA1 neurons from DHC, IHC, and VHC slices.

Firing output was compared by quantification of the average
firing frequency in response to depolarizing somatic current
injections (Fig. 7A). The firing frequency in response to two
different current intensities (500 pA, 250 pA) was compared.
The firing frequency was largest for the VHC neurons and
decreased with increasing V–D distance (Figs. 7B,C). The fir-
ing frequency of CA1 neurons had a strong negative correla-
tion with V–D position (500 pA current step: r 5 20.57,
P 5 3.8e211; 250 pA current step: r 5 20.57, P 5 2.18e210).
Segmented regression analysis of the firing frequency values of
CA1 neurons along the V–D axis showed a significant
improvement in the adjusted R2 and also a significant break-
point location on the longitudinal axis (Figs. 7B,C; Table 5).
The analysis of binned firing frequency for CA1 neurons
showed that the firing frequency was significantly lower in the
DHC neurons for both 500 pA current step (VHC: 33.3 6 1.7
Hz, vIHC: 31.5 6 1.8 Hz, dIHC: 26.2 6 1.1 Hz, DHC:
18.4 6 1.08 Hz; Kruskal–Wallis test, P 5 4.4e211; Mann–
Whitney U test for comparison among groups, vIHC vs.
dIHC: P< 0.005; dIHC vs. DHC P< 1e25; Fig. 7D) and for
250 pA current injection (VHC: 23 6 1.3 Hz, vIHC: 20 6 1.8
Hz, dIHC: 13.4 6 1.1 Hz, DHC: 5 6 1.08 Hz; Kruskal–Wallis
test, P 5 7.1e213; Mann–Whitney U test for comparison
among groups, vIHC vs. dIHC: P< 0.005; dIHC vs. DHC
P< 1e25; Fig. 7E). The SFA index of CA1 neurons also
showed a strong correlation with V–D position (r 5 0.53,
P 5 1e29; Fig. 7F). Unlike the decrease in firing frequency,
increase in SFA of CA1 neurons along the V–D axis was grad-
ual because the segmented regression analysis did not show a
significant breakpoint (Table 5). In the binned analysis how-
ever, VHC neurons showed significantly less accommodation
compared to the neurons located elsewhere along the longitudi-
nal axis (VHC: 1.6 6 0.07, vIHC: 2.1 6 0.14, dIHC:
2.39 6 0.11, DHC: 2.56 6 0.14; Kruskal–Wallis test,
P 5 3.75e27; Mann–Whitney U test for comparison among

FIGURE 6. Ih sensitive subthreshold membrane properties of
CA1 neurons along the longitudinal axis of hippocampus. A: Rep-
resentative voltage traces illustrating the membrane resonance in
response to a chirp stimulus (0–15 Hz, 15 s) during somatic
whole-cell current clamp recordings from example CA1 neurons
from four bins of the ventral to dorsal (V–D) axis. B, D, F, G:
Scatter plots for resonance frequency (fR) measured at RMP (B),
fR measured at 265 mV (D) and resonance amplitude (Q) meas-
ured at RMP (F) and measured at 265 mV (G) of CA1 neurons
against their relative V–D position. There was no correlation
between the fR (B) and Q (F) measured at RMP (fR: r 5 20.05, P
5 0.57; Q: r 5 20.03, P 5 0.73). When measured at 265 mV, fR
(D) showed a significant negative correlation with V–D distance
(black line is linear fit; gray line is segmented fit) and Q (G) also
showed a significant negative correlation (r 5 20.4, P < 1e25). C,
E: Resonance frequency of CA1 neurons measured at RMP and
265 mV was plotted as whisker and box plots showing the
median values. Gray circles illustrate the mean values. fR (at RMP)

was similar for neurons across the longitudinal axis (C) (Kruskal–
Wallis test, P 5 0.004). fR measured at 265 mV (E) was signifi-
cantly different for CA1 neurons from VHC and vIHC (Kruskal–
Wallis test, P 5 1.6e26; Mann–Whitney U test for comparison
among groups, **P < 0.001). H: Representative voltages responses
to hyperpolarizing current injections during somatic whole-cell
current clamp recordings from example CA1 neurons from four
bins of the V–D axis. I, K: Rebound slope (RS) measured at RMP
(I) and at 265 mV (K) for CA1 neurons plotted against the V–D
position of individual neurons. Note that the RS measured at 265
mV had a stronger positive correlation with V–D position
(r 5 0.54, P < 1e210) as compared to the RS measured at RMP
(r 5 0.3, P < 1e24). J, L: RS data are plotted as whisker and box
plots showing median values. Gray circles are mean values. RS
measured at 265 mV (L) for the neurons in VHC was signifi-
cantly different from the neurons in the rest of the longitudinal
axis (Kruskal–Wallis test, P 5 1.6e26; Mann–Whitney U test for
comparison among groups, *P < 0.01).
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groups, VHC vs. vIHC: P< 0.005; dIHC vs. DHC:
P< 0.018; Fig. 7G).

Next, we examined the properties of single action potentials
in CA1 neurons along the longitudinal axis (Fig. 8A). The
voltage threshold of single action potentials in CA1 neurons
decreased in the V–D direction (r 5 20.546, P 5 5.4e210; Fig.
8B). The change in AP threshold along the V–D axis was grad-
ual. The AP threshold of CA1 neurons in the VHC was signif-
icantly more depolarized as compared to the AP threshold of
neurons in the intermediate and dorsal parts of the hippocam-
pus (VHC: 245.8 6 0.4 mV, vIHC: 248.5 6 0.5 mV, dIHC:
249.1 6 0.35 mV, DHC: 249.9 6 0.43 mV; Kruskal–Wallis
test, P 5 1.8e28; Mann–Whitney U test for comparison among
groups, VHC vs. vIHC: P 5 1e23; Fig. 8C). Another property
of the action potentials that varied significantly with the V–D
position was the AP half-width. Action potential half-width
was positively correlated with V–D position (r 5 0.34,
P 5 2.1e24; Fig. 8D). Interestingly, the change in AP half-
width of CA1 neurons along the V–D axis fitted better with a
segmented regression, thus showing an abrupt change in AP
half-width at 21.7 mm of the longitudinal axis. Binned data
analysis also showed that CA1 neurons located in the ventral-
half of the hippocampus had significantly smaller AP half-
widths as compared to the neurons in the dorsal-half of the
hippocampus (VHC: 1.03 6 0.04 ms, vIHC: 1.08 6 0.05 ms,
dIHC: 21.16 6 0.04 ms, DHC: 1.29 6 0.05 ms; Kruskal–
Wallis test, P 5 9e24; Mann–Whitney U test for comparison
among groups, vIHC vs. dIHC mm bin: P< 0.019; Fig. 8E).
A small increase was observed in the AP amplitude of CA1
neurons along the longitudinal axis (r 5 20.2, P 5 0.02; Krus-
kal–Wallis test, P 5 0.03; Figs. 8F,G). This increase in AP
amplitude also fit better with segmented regression model.
Action potential max dV/dt of CA1 neurons was weakly corre-

lated with the longitudinal position (r 5 20.23, P 5 0.015;
Kruskal–Wallis test, P 5 0.02; Figs. 8H,I). Similar to AP half-
width and AP amplitude, AP max dV/dt values across the lon-
gitudinal axis also showed an abrupt change.

Summary

A combination of linear and segmented regression analysis,
along with binning of the longitudinal axis showed that sub-
threshold and suprathreshold electrophysiological properties
and also morphological properties of CA1 neurons vary along
the longitudinal axis. A key finding of this study is that the
passive subthreshold properties (RMP, Rin, and time constant)
change gradually along the longitudinal axis. The total dendri-
tic length and surface area also increase gradually along the V–
D end. The change in the radial length of apical dendrites and
number of branches in apical dendrites, however, is segmented.
The changes in Ih sensitive measurements (at 265 mV) are
also segmented along the longitudinal axis. Similar segmenta-
tion along the longitudinal axis is observed for firing frequency
and AP half-width, amplitude, and max. dV/dt. One key obser-
vation from the segmented regression analysis is that the break-
points for most segmented regressions were located at
�22 mm, which is very close to the ventral end of the hippo-
campus (Table 6). Importantly, we observed segmentation for
two properties (RS (at 265 mV) and number of intersections
in proximal SR region) near 0.5 mm. Overall, the data in this
study provide evidence for both linear and segmented gradients
in electrophysiological and morphological properties of CA1
pyramidal neurons along the longitudinal axis. The contribu-
tion of these linear and segmented gradients of CA1 pyramidal
neurons properties in governing the neuronal output remains
to be explored.

TABLE 4.

Regression Parameters Corresponding to Linear and Segmented Fits for Ih Sensitive Electrophysiological Properties of CA1 Pyramidal Neu-

rons Along the V–D Axis

Linear regression

Segmented regression

Breakpoint

Slopes

comparison

Cons. Slope Adj. R2 P-value Cons. Slope 1 Slope 2 Adj. R2 P-value Location P-value Diff. P-value

fR at RMP (Hz) 3.14 20.02 20.01 0.57 3.5 0.14 20.09 20.001 0.39 21.2 0.39 0.23 0.21

Q (RMP) 2.08 0.002 20.01 0.73 1.19 20.012 0.024 20.005 0.49 0.5 0.7 20.03 0.23

fR at 265 mV (Hz) 3.06 20.23 0.22 <0.0001 4.4 0.3 20.3 0.23* <0.0001 22.1 0.006† 0.6 0.07

Q (265 mV) 1.2 20.03 0.15 <0.0001 1.18 20.05 20.009 0.155 <0.0001 0.09 0.946 20.04 0.23

RS (at RMP) 20.21 0.013 0.09 0.0007 20.1 0.05 0.004 0.12* 0.0003 21.8 0.017† 0.05 0.035‡

RS at 265mV 20.22 0.028 0.29 <0.0001 20.2 20.038 20.001 0.31* 0.0001 0.54 0.437 0.04 0.029‡

V–D gradient in Ih sensitive electrophysiological properties of CA1 pyramidal neurons was fitted by linear and segmented regressions. Linear regression had two
factors: constant value (Cons.) and slope. Segmented regression had three factors: constant, slope of line one (slope 1) and slope of line two (slope 2). V–D change
in a few electrophysiological properties fitted better with segmented regressions than linear regressions (*significant increase in Adjusted R2; †significant estimation
of change point; ‡significant difference between the slopes of two lines in the segmented regression).
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FIGURE 7. Firing output of CA1 neurons along the longitudi-
nal axis of hippocampus. A: Voltage traces showing trains of
action potentials fired in response to depolarizing current injec-
tions in representative CA1 neurons from four regions of the ven-
tral to dorsal (V–D) axis. B, C: Scatter plots of average firing
frequency in response to 500 pA and 250 pA current injections
with V–D position of individual neurons. Firing frequencies for
both current intensities showed a strong negative correlation with
V–D position (500 pA: r 5 20.57, P 5 3.8e211; 250 pA:
r 5 20.57, P 5 2.18e210). Black lines are linear fit and gray lines
are segmented fits. D, E: Whisker and box plots showing the
median and range of firing frequencies in response to 500 pA and
250pA current injections. Gray circles depict the mean values. Fir-
ing frequency for 500 pA current injection (D) was significantly
different across the four bins of longitudinal axis (Kruskal–Wallis
test, P 54.4e211; Mann–Whitney U test for comparison among

groups, *P < 0.005, **P < 1e25). Firing frequency for 250 pA
current injection (E) was also significantly different across the four
bins of longitudinal axis (Kruskal–Wallis test, P 5 7.1e213;
Mann–Whitney U test for comparison among groups, *P < 0.005,
**P < 1e25). F: Scatter plot of spike frequency accommodation
(SFA) index of CA1 neurons across the V–D axis. SFA index of
CA1 neurons was positively correlated with the V–D position
(r 5 0.53, P < 1e29). SFA index was significantly different for
neurons in VHC (Kruskal–Wallis test, P 5 3.75e27; Mann–Whit-
ney U test for comparison among groups, *P < 0.018).
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DISCUSSION

The findings in this study highlight the heterogeneity in elec-
trophysiological properties of CA1 neurons across the longitudi-
nal axis of the hippocampus. The differences in intrinsic
membrane properties and excitability of CA1 neurons in the dor-
sal and ventral end of the hippocampus have been described
before (Dougherty et al., 2012, 2013; Marcelin et al., 2012a).
The results in the present study corroborate these previous find-
ings and bridge a significant gap in our understanding of how the
neuronal properties transition from one end of the hippocampus
to another. Importantly, this is the first study where intrinsic
membrane properties of CA1 neurons in dorsal, intermediate,
and ventral parts of the hippocampus have been compared. The
key findings of this study are that the CA1 neurons in DHC,
IHC, and VHC have distinct electrophysiological and morpho-
logical properties and the transition for most of these properties
from ventral to dorsal end is gradual. Interestingly, the longitudi-
nal gradients in the dendritic branching, radial length of the api-
cal dendrites, Ih sensitive subthreshold properties, and action
potential properties were segmented.

Another important aspect of the current study is the develop-
ment of a coordinate system representing the longitudinal axis of
the hippocampus, which can be used to assign dorsoventral posi-
tion to hippocampal transverse slices. Many laboratories studying
the molecular and electrophysiological properties of hippocampal
neurons use the hippocampal slices because the cytoarchitecture
and synaptic circuits within the hippocampus are preserved in
the transverse slice. Hippocampal slice electrophysiology and
molecular expression data across laboratories, however, do not
always match and this could be due to differences in dorsoventral
positions of hippocampal slices used in individual studies.
The coordinate system for predicting the dorsoventral position

developed in our study should provide a useful tool for overcom-
ing this problem. Although, in the present study we generated a
slice-scoring system specific for adult rat hippocampi, the same
scoring technique can be used to generate slice-scoring maps for
rats of different age groups and can also be extended to mouse
hippocampus (Supporting Information Fig. 1).

Decreased Excitability of CA1 Neurons in the
Ventral-to-Dorsal Direction

The intrinsic membrane properties of neurons and neuronal
morphology together shape the input–output dynamics and
thereby regulate the firing response of the neuron. The results from
this study show that the firing output of the CA1 neurons in
response to long depolarizing current injections decreases in the
ventral-to-dorsal direction. Interestingly, the V–D gradient in firing
frequency is segmented. This decrease in firing in the V–D direc-
tion is accompanied by a gradual decrease in Rin and hyperpolarized
RMP. Since the location of the breakpoint in firing frequency
matches with the breakpoint location (21.7 mm) in the single AP
properties, it is plausible that a specific change in AP properties
close to the ventral end might underlie the abrupt change in firing
output. One proposed mechanism that can underlie changes in AP
properties (half-width, amplitude, and threshold) in ventral CA1
neurons could be a differential expression of voltage-gated sodium
channels (Nav1.2 and Nav1.6) and voltage-gated potassium chan-
nels (Kv1 and Kv4 channels) in the somatic and axonal regions of
these neurons (Colbert and Pan, 2002; Mitterdorfer and Bean,
2002; Kim et al., 2005; Bean, 2007). It has been shown recently
that the expression of M-type (Kv7) potassium channels is higher
in dorsal neurons as compared to the ventral CA1 neurons and this
dorsoventral difference in M-channel activity underlies the dorso-
ventral differences in somatic excitability and spike frequency adap-
tation (H€onigsperger et al., 2015). Although this study quantified

TABLE 5.

Regression Parameters Corresponding to Linear and Segmented Fit for Firing Properties of CA1 Pyramidal Neurons Along the V–D Axis

Linear regression

Segmented regression

Breakpoint

Slopes

comparison

Cons. Slope Adj. R2 P-value Cons. Slope 1 Slope 2 Adj. R2 P-value Location P-value Diff. P-value

AP threshold (mV) 248.53 0.81 0.29 <0.0001 250.7 21.72 20.58 0.3 <0.0001 21.7 0.09 21.13 0.1

AP hw (ms) 1.14 0.052 0.11 <0.0001 0.65 20.15 0.1 0.18* <0.0001 22 0.0001† 20.26 0.001‡

AP amplitude (mV) 95 0.079 0.035 0.0274 105.1 5 20.3 0.08* 0.003 21.7 0.002† 5.3 0.012

AP max dV/dt (mv/ms) 382.2 210.2 0.05 0.012 625 290.2 232.7 0.25 0.0001 21.8 0.0001 122.9 0.0001‡

Firing freq. (500 pA) (Hz) 26.5 22.97 0.32 <0.0001 32.7 20.01 25.2 0.37* <0.0001 20.7 0.27 5.23 0.005‡

Firing freq. (250 pA) (Hz) 14.39 23.74 0.47 <0.0001 19.4 21.36 25.72 0.49* <0.0001 20.633 0.376 4.35 0.011‡

SFA 2.23 0.2 0.26 <0.0001 2.3 0.24 0.17 0.25 <0.0001 20.52 0.897 0.069 0.61

V–D gradient in firing properties of CA1 pyramidal neurons was fitted by linear and segmented regressions. Linear regression had two factors: constant value
(Cons.) and slope. Segmented regression had three factors: constant, slope of line one (slope 1) and slope of line two (slope 2). V–D change in a few electrophysi-
ological properties fitted better with segmented regressions than linear regressions (*significant increase in Adjusted R2; †significant estimation of change point;
‡significant difference between the slopes of two lines in the segmented regression).
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FIGURE 8. Single action potential properties of CA1 neurons
along the longitudinal axis of hippocampus. A: Individual action
potentials (AP) from representative CA1 neurons from four
regions of the ventral to dorsal (V–D) axis. Dashed lines indicate
the AP threshold. Voltage values in the bottom row indicate the
RMP. B, D, F, H: Scatter plots for AP threshold (B), AP half-
width (D), AP amplitude (F), and AP maximum dV/dt (H) of
CA1 neurons against their relative V–D position. Black lines are
the linear regression fits. Gray lines are segmented regressions fits.
There was a significant negative correlation of AP threshold with
V–D position (r 5 20.546, P 5 5.4e210). AP half-width showed a
slight positive correlation with V–D position (r 5 0.34,
P 5 2.1e24). AP amplitude (r 5 20.2, P 5 0.02) and AP max dV/

dt (r 5 20.23, P 5 0.015) were not significantly correlated with
V–D position. C, E, G, I: Data are plotted as whisker and box
plots showing the median values. Gray filled circles denote the
mean values. AP threshold (C) was significantly depolarized for
the neurons in VHC (Kruskal–Wallis test, P 5 1.8e28; Mann–
Whitney U test for comparison among groups, **P < 1e23). AP
half-width (E) was significantly different between the neurons in
dorsal half and ventral half of the hippocampus (Kruskal–Wallis
test, P 5 9e24; Mann–Whitney U test for comparison among
groups, *P < 0.019). The difference across bins in AP amplitude
(G) (Kruskal–Wallis test, P 5 0.03) and AP max dV/dt (I) (Krus-
kal–Wallis test, P 5 0.02) was not significant.
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M-channel activity at the dorsal and ventral ends, future work will
be necessary to test whether the gradient in M-channel activity is
gradual or segmented along the longitudinal axis. Interestingly, dor-
soventral differences in ion channels that shape the AP properties
are not restricted to the soma. A recent study showed that the distal
dendrites of ventral CA1 neurons have decreased expression of
Kv4.2 channels as compared to the dendrites of dorsal CA1 neu-
rons (Marcelin et al., 2012b). The same study showed reduced
transient A-type potassium currents and increased back-
propagation of APs in ventral CA1 dendrites. Together, these soma-
todendritic differences in potassium channels and differences in
dendritic morphology along the dorsoventral axis can significantly
modulate the neuronal output of CA1 neurons.

One key regulator of membrane excitability in hippocampal
neurons is HCN channel mediated Ih. Some of the major
functions of Ih are regulation of RMP, modulation of intrinsic
cellular frequency characteristics, and also regulation of mem-
brane resistance (Magee, 1999; Narayanan and Johnston, 2008;
Zemankovics et al., 2010; Hutcheon and Yarom, 2000).
Recently, two independent studies showed that voltage-
dependent activation of Ih and the expression of HCN channel

subtypes are different in dorsal and ventral CA1 neurons (Mar-
celin et al., 2012b; Dougherty et al., 2013). In these studies,
current clamp measurements of Ih-dependent membrane fR
and RS were larger in ventral CA1 neurons, indicative of larger
Ih in these neurons. In the present study, significant differences
in both fR and RS of CA1 neurons across the longitudinal axis
were observed only when the recordings were made at a fixed
membrane potential (265 mV). This was due to the differen-
ces in the RMP of the CA1 neurons across the axis. Although,
both RS (at 265 mV) and fR (at 265 mV) were larger for
more ventrally located CA1 neurons, the biggest change in fR
was observed for neurons in ventral half of the hippocampus
and a large increase in RS was observed for neurons in the ven-
tral one-fourth of the hippocampus. Both fR and RS are only
indicative of levels of Ih in CA1 neurons and future studies
aimed at directly measuring Ih will be necessary to understand
this discrepancy. Although we observed segmented gradients in
fR and RS, the ventral-to-dorsal gradients in Rin and RMP
were linear. Because Rin and RMP are dependent on both the
levels of Ih in CA1 neurons and the morphology, we speculate
that the combination of segmented morphological gradient and

TABLE 6.

V–D Gradients in Electrophysiological and Morphological Properties of CA1 Neurons

Neuronal property

V–D

change

Linear/

Segmented

Slope of linear fit

(normalized to

range)

Breakpoint

location

RMP (mV) Decrease Linear 20.09 n/a

Rin at RMP (MX) Decrease Linear 20.1 n/a

Rin at 265mV (MX) Decrease Linear 20.04 n/a

Tau (ms) Decrease Linear 20.06 n/a

FR at RMP (Hz) No change Linear 20.007 n/a

Q (RMP) No change Linear 20.003 n/a

FR at 265 mV (Hz) Decrease Segmented n/a 22.1

Q (265 mV) Decrease Linear 20.04 n/a

RS (at RMP) Decrease Segmented n/a 21.8

RS at 265 mV Decrease Segmented n/a 0.54

AP threshold (mV) Decrease Linear 20.06 n/a

AP hw (ms) Decrease Segmented n/a 22

AP amplitude (mV) Decrease Segmented n/a 21.7

AP max dV/dt (mv/ms) Decrease Segmented n/a 21.8

Firing freq. (500 pA) (Hz) Decrease Segmented n/a 20.7

Firing freq. (250 pA) (Hz) Decrease Segmented n/a 20.633

SFA Increase Linear 0.05 n/a

Total dendritic length (mm) Increase Linear 0.08 n/a

Apical radial length (mm) Decrease Segmented n/a 20.41

Number of intersections (proximal SR) Increase Segmented n/a 0.5

Number of intersections (distal SR) Increase Segmented n/a 20.7

Number of intersections (SLM) No change Linear 0.01 n/a

Number of intersections (basal) Increase Linear 0.12 n/a

The slopes listed in this table were calculated by normalizing each dataset to its range (minimum and maximum). The slopes of the linear fits to the normalized
values are listed in column three. Negative value of slopes corresponds to negative correlation (or decrease) of the neuronal property with ventral-to-dorsal location
and positive values correspond to a positive correlation. Breakpoint locations are listed for the neuronal properties that showed segmented gradients along the lon-
gitudinal axis.
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segmented gradient in Ih might underlie the linear gradient in
Rin and RMP along the longitudinal axis of the hippocampus.
Along with HCN channels, G-protein coupled inwardly recti-
fying K1 channels (GIRKs) are also important regulators of
subthreshold membrane properties and excitability in CA1
neurons (Ehrengruber et al., 1997). A recent study reported
increased levels of GIRKs and their coupling with A1-
Adenosine receptors in dorsal CA1 neurons (Kim and John-
ston, 2015). Future work aimed at quantification of GIRK
channel expression along the longitudinal hippocampal axis
will be crucial to understand the contribution of GIRKs in
electrophysiological differences reported in our study.

Functional Implications of the Heterogeneity in
Neuronal Properties

In this study, we found differences in RMP, Rin, membrane
time constant, resonance frequency, firing output, and dendritic
branching of individual CA1 neurons in dorsal, intermediate,
and ventral hippocampus. It is well known that dorsal and
intermediate parts of the hippocampus receive visuospatial
inputs and the ventral hippocampus is better connected to sub-
cortical areas like the amygdala, hypothalamus, and also parts
of PFC (Amaral and Witter, 1989; Dolorfo and Amaral,
1998). Multiple studies have shown despite the absence of fine
spatial inputs to ventral hippocampus, CA1 neurons in the
VHC have place fields. The place fields in VHC are, however,
larger and less precise than the place fields in dorsal and IHC
(Jung et al., 1994; Poucet et al., 1994; Kjelstrup et al., 2008).
Although the dorsoventral differences in synaptic inputs and
the differences in excitation to inhibition balance (Papatheo-
doropoulos et al., 2002; Maggio and Segal, 2006; Pandis et al.,
2006; Grigoryan et al., 2012) significantly affect the size and
shape of place fields, intrinsic membrane parameters transform
synaptic inputs as they propagate toward the soma. Therefore,
we would reasonably expect that the differences in neuronal
excitability observed along the longitudinal axis will exert their
own—and presumably significant—influence over place field
size and shape (Hussaini et al., 2011; Lee et al., 2012).

Interestingly, recent work from Patel et al. showed that the
coherence of theta oscillations also decreases from the dorsal-
to-ventral direction (Patel et al., 2012). Theta oscillations in
dorsal and intermediate parts of hippocampus were more
coherent and the decrease in coherence of theta oscillation was
most dramatic at the ventral end. Again, these differences in
local field potentials between different parts of the dorsoventral
axis of the hippocampus could arise due to differences in net-
work properties (Strange et al., 2015) but also by the signifi-
cant differences in intrinsic membrane properties of CA1
neurons (Vaidya and Johnston, 2013) reported in the current
study. It is important to note here that the dorsoventral gra-
dients in intrinsic membrane properties and in vivo firing out-
put have also been reported in stellate neurons of medial
entorhinal cortex (MEC). Interestingly, the dorsoventral differ-
ences in HCN and leak potassium channels and their contribu-
tion on synaptic integration in MEC stellate neurons are

considered to underlie the dorsoventral differences in grid-cell
spacing (Giocomo et al., 2007; Brun et al., 2008; Giocomo
and Hasselmo, 2009; Garden et al., 2008).

The present study was focused on the analysis of gradients
in somatic membrane properties, excitability, and morphology
of CA1 neurons along the longitudinal axis. Future studies
aimed at understanding the differences in somato-dendritic
integration in CA1 neurons along the longitudinal axis will be
necessary to understand the input–output relation of these neu-
rons and also to test whether these differences in intrinsic neu-
ronal properties underlie the behavioral and functional
segregation from dorsal to ventral end of the hippocampus.
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