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Reversed somatodendritic Ih gradient in a class of rat
hippocampal neurons with pyramidal morphology
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In CA1 and neocortical pyramidal neurons, I h is present primarily in the dendrites. We asked if
all neurons of a pyramidal morphology have a similar density of I h. We characterized a novel class
of hippocampal neurons with pyramidal morphology found in the stratum radiatum, which we
termed the ‘pyramidal-like principal’ (PLP) neuron. Morphological similarities to pyramidal
neurons were verified by filling the neurons with biocytin. PLPs did not stain for markers
associated with interneurons, and projected to both the septum and olfactory bulb. By using
cell-attached patch-clamp recordings, we found that these neurons expressed a high density of I h

in the soma that declined to a lower density in the dendrites, a pattern that is reversed compared to
pyramidal neurons. The voltage-dependent activation and activation time constants of I h in the
PLPs were similar to pyramidal neurons. Whole-cell patch-clamp recordings from the soma and
dendrites of PLP neurons showed no significant differences in input resistance and local temporal
summation between the two locations. Blockade of I h by ZD7288 increased the input resistance
and temporal summation of simulated EPSPs, as in pyramidal neurons. When NMDA receptors
were blocked, temporal summation at the soma of distal synaptic potentials was similar to that
seen with current injections at the soma, suggesting a ‘normalization’ of temporal summation
similar to that observed in pyramidal neurons. Thus, we have characterized a principal neuronal
subtype in the hippocampus with a similar morphology but reversed I h somatodendritic gradient
to that previously observed in CA1 hippocampal and neocortical pyramidal neurons.
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Dendrites are the primary location of excitatory synaptic
input for most neurons. How synaptic activity is
propagated in the dendrites therefore has a profound effect
on neural excitability. This propagation is influenced by
the passive properties of the dendrites, which shape the
amplitude and time course of the postsynaptic response
(Rall, 1959, 1962; Segev & London, 2000). The presence of
voltage-gated ion channels in the dendrites also influences
a neuron’s electrotonic properties, and the interaction
between ion channels and dendritic morphology is a topic
of much research (Johnston et al. 1996; Hausser et al.
2000; Reyes, 2001; Vetter et al. 2001; Hausser & Mel,
2003).

One type of ion channel found in dendrites is
the hyperpolarization-activated cation channel
(HCN, h-channel), a family of ion channels that is
responsible for the current Ih. In CA1 hippocampal
pyramidal neurons, Ih is present in a low density at the
soma that increases to an over sevenfold higher density
in the apical dendrites (Magee, 1998). This pattern is
also found in neocortical pyramidal neurons (Berger

et al. 2001; Williams & Stuart, 2000). Dendritic Ih in
CA1 pyramidal neurons has been proposed to normalize
temporal summation of EPSPs (Magee, 1999) and reduce
the overall neuronal response to excitatory input (Stuart
& Spruston, 1998; Poolos et al. 2002; Nolan et al. 2004).
Ih also plays a role in oscillatory firing of thalamocortical
relay neurons (McCormick & Pape, 1990), layer II stellate
neurons in entorhinal cortex (Dickson et al. 2000), and
some interneurons of the hippocampus (Maccaferri &
McBain, 1996a; Lupica et al. 2001). In cerebellar Purkinje
cells, Ih helps to maintain the resting membrane potential
(RMP) in the proper range to maintain high spontaneous
firing (Williams et al. 2002).

All known pyramidal neurons have a similar gradient
of Ih, which suggests it is essential for pyramidal neuron
function. We therefore asked if this gradient of Ih is
universal to neurons with pyramidal morphology. We
characterized a neuron found in the stratum radiatum
(SR) of CA1 hippocampus with a pyramidal morphology
to test this hypothesis. We have termed these neurons
‘pyramidal-like principal’ neurons (PLPs). We will show
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that these neurons, which are probably a subclass of
‘radiatum giant cells’ (RGC; Gulyas et al. 1998), do not
stain for interneuronal markers and project to both the
septum and olfactory bulb. We found that these neurons
have a distinctly different distribution of Ih compared
to pyramidal dendrites, with a high density in the soma
that declines to a lower density in the apical dendrite.
Ih in these neurons had similar biophysical properties
to Ih in pyramidal dendrites, and like Ih in pyramidal
neurons, modulated temporal summation. PLP neurons
therefore violate the correlation between Ih distribution
and pyramidal morphology observed in other neurons,
and may serve as an additional model with which to test
hypotheses regarding dendritic signal integration. Some
of these results have been presented previously in abstract
form (Bullis et al. 2004).

Methods

Electrophysiology

Hippocampal slices (400 µm) were made from
6–10-week-old Sprague-Dawley rats using methods
previously described (Poolos et al. 2002). Animal
protocols were approved by the Institutional Animal Care
and Use Committee at the University of Washington.
Briefly, rats were anaesthetized with an intraperitoneal
injection of a ketamine/xylazine mix (304/19.2 mg kg−1)
and perfused intracardially with a modified ACSF, which
consisted of (mm): KCl 2.5), NaH2PO4 1.25, NaHCO3

25, CaCl2 0.5, MgCl2 7, dextrose 7, choline chloride 110,
ascorbate 1.3, and pyruvate 3. All chemicals were obtained
from Sigma (St Louis, MO, USA) or Fisher (Houston, TX,
USA) unless otherwise stated. Supplemental doses were
administered if the animal responded to a foot pinch. The
brain was removed and sliced using a Vibratome 1500
sectioning system (St Louis, MO, USA). Slices were kept
at 34◦C for 10–20 min immediately following slicing, and
at room temperature for at least 1 h before recording.
Neurons were visualized with infrared differential inter-
ference contrast imaging (IR-DIC) using a Zeiss Axioskop
(Oberkochen, Germany) fitted with an Olympus objective
(Tokyo, Japan). Whole-cell current-clamp recordings were
made with a Dagan BVC-700 amplifier (Minneapolis,
MN, USA), sampled at 10 KHz, and filtered at 2 KHz.
Cell-attached patch recordings were made with an Axon
Instruments Axopatch 200B amplifier (Foster City, CA,
USA), sampled at 2 KHz, and filtered at 500 Hz. All data
were collected and analysed with custom software written
for the Igor Pro analysis environment (Wavemetrics; Lake
Oswego, OR, USA). Excitatory postsynaptic potentials
(EPSPs) were evoked using extracellular stimulation
by a constant current pulse (AM Systems Digital
Stimulus Isolator; Carlsborg, WA, USA) via a bipolar
tungsten electrode. EPSP amplitude was approximately

2–5 mV during recordings. The electrode was placed
from 20 to 50 µm from the visualized dendrite along
the border of stratum radiatum/stratum lacunosum
moleculare.

For recording, slices were kept at 30–32◦C and
continuously bathed in oxygenated ACSF consisting of
(mm): NaCl 125, NaHCO3 25, dextrose 10, KCl 2.5,
CaCl2 2, MgCl2 2, and NaH2PO4 1.25. Pipettes were
made from borosilicate glass and pulled with a Sutter
P-87 micropipette puller (Novato, CA, USA). Pipette
resistance was between 3–5 M� for soma and 4–7 M�

for dendritic whole-cell recordings. Pipettes were filled
with a solution that contained (mm): KMeSO4 120, KCl
20, Hepes 10, Na2-ATP 4, MgCl2 2, Tris-GTP 0.3, EGTA
0.2, pH 7.3 with KOH. For recordings involving synaptic
stimulation, 1 mm EGTA was included in the pipette
to reduce calcium-related changes in synaptic efficacy
during recordings, and 20 µm bicuculline was added to
the bath to block inhibitory synaptic input. A cut was
made between CA3 and CA1 to minimize spontaneous
activity when bicuculline was used. Pipette resistance for
cell-attached recordings was between 4–15 M�. Pipettes
were filled with a solution consisting of (mm): KCl 120,
TEA-Cl 20, Hepes 10, 4-aminopyridine 5, CaCl2 2, MgCl2

1, BaCl2 1, pH was adjusted to 7.4 with KOH. For
estimations of maximal current density, the area of the
patch was obtained from the equation relating patch area
to resistance found in Sakmann & Neher (1995), and were
elicited at ∼−160 mV. Recordings were accepted only if
the resting membrane potential was at least −55 mV and
Ih showed rundown of less than 25%. Series resistance for
whole-cell recordings was less than 40 M�. Group data
are expressed as mean ± s.e.m. Unless stated, a one-way
ANOVA was used to compare three or more conditions,
and an unpaired t test for two conditions. Alpha functions
were created using the equation:

I = Imax(αt)(1 − exp(−αt))

where α = 1.67. Temporal summation was measured as
the fifth EPSP or response divided by the first times 100,
which gives the percentage of the response relative to the
first event. ZD7288 was obtained from Tocris (Balwin,
MO, USA). ZD7288, APV, and bicuculline were made in
aqueous stock solutions and bath applied.

Histology

To characterize cellular morphology, pyramidal and PLP
neurons were filled via recording micropipettes containing
a 0.1–0.3% biocytin (Molecular Probes; Eugene, OR,
USA) solution. After recording, slices were fixed overnight
with a solution of 4% paraformaldehyde in 0.12 m
phosphate buffer. Slices were then blocked overnight
in 2% BSA with 0.25% Triton X-100 in 0.03 m PBS,
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incubated overnight with streptavidin/Alexa-488 (1 : 200;
Molecular Probes) with 0.1% Triton X-100 in PBS,
and mounted with Vectashield (Vector Laboratories;
Burlingame, CA, USA) on gel-coated slides featuring a
custom parafilm (Pechiney Plastic Packaging; Chicago,
IL, USA) spacer to allow for sufficient space between
the slice and coverslip. Images of the fluorescent
neurons were collected in approximately 15 planes
through the cells with a Nikon Eclipse TE200/Bio-Rad
Radiance 2000 confocal microscope system (El Segundo,
CA, USA; Hercules, CA, USA), and processed using
Image J software (Wayne Rasband, NIH, USA) into
composite projection micrographs. Further anatomical
analysis was collected on slices secondarily stained
with avidin/horseradish peroxidase (HRP; Vecatastain
ABC kit, Vector Laboratories; Burlingame, CA, USA).
HRP-treated slices were visualized with a Leica Leitz
Laborlux S light microscope (Bannockburn, IL, USA)
and photographed using a Nikon Coolpix 4500 digital
camera.

Biocytin-filled neurons were examined for
colocalization of proteins associated with interneurons,
by incubating slices in antibodies for glutamic acid
decarboxylase 65/67, calretinin (GAD, CR; Chemicon;
Temecula, CA, USA), cholescystokinin-8 (CCK; Immuno-
star; Hudson, WI, USA), and parvalbumin (PV; Sigma;
St. Louis, MO, USA). Fixed and blocked slices were
incubated for 24 h in PBS containing 0.3% Triton X-100
and antibodies in concentrations of 1 : 1000 (GAD and
CCK) and 1 : 4000 (PV), followed by 1 : 1000 incubation
and antirabbit Alexa-568 (GAD and CCK; Molecular
Probes; Eugene, OR, USA) and antimouse Alexa-635
(PV; Molecular Probes) for 24 h. These slices were
then processed with streptavidin/Alexa-488 as detailed
previously. CR immunoreactivity was assayed on fixed
hippocampal tissue (without filled neurons) sectioned to
100 µm with a Leica VT 1000 S microtome (Bannockburn,
IL, USA). After blocking overnight, slices were incubated
for 48 h in 0.05 m TBS with 0.3% Triton X-100 containing
antibodies for CR raised in the goat (1 : 8000, Chemicon),
followed by incubation in antigoat Alexa-568 (1 : 1000).

To determine immunoreactivity for proteins associated
with excitatory neurons, fixed tissue was sectioned to
100 µm, incubated with goat antibodies for excitatory
amino acid transporter 3 (EAAT3, EAAC1; 1 : 4000;
Chemicon) in TBS (containing no Triton X-100) for 48 h,
and finally incubated with antigoat Alexa-568 (1 : 1000) in
TBS for 24 h. All incubations and washes were performed
at 4◦C, and slices were mounted and imaged as described
above.

Retrograde labelling of PLP neuronal projections

Injections of the retrograde tracer cholera toxin conjugated
with Alexa-488 (CTB; Molecular Probes) were made

into the olfactory bulb and lateral septum of animals
anaesthetized with 4–5% isofurane, to examine the axonal
projections of PLP neurons. Using a Hamilton syringe,
2 µl of CTB were administered in the olfactory bulb at
three stereotaxic positions previously used by Gulyas et al.
(1998) (AP: 9, L: 1.3; D: −3.5; AP: 8, L: 1.1 D: −2.5; AP:
6.5, L: 1.1 D: −1.5 from bregma). Septal injections of 3 µl
CTB were made at coordinates AP: 0.7, L: 0.7 D: 6.0 from
bregma (Paxinos & Watson, 1998). The animals recovered
from surgery for three days, allowing for tracer uptake
by axon terminals and retrograde transport. Following
recovery, animals were anaesthetized by a similar method
to the electrophysiology experiments and intracardially
perfused with PBS and 4% paraformaldehyde. Harvested
brain tissue was then sectioned to 100 µm, washed in
PBS (3 × 60 min), and visualized with fluorescent confocal
microscopy.

Results

PLP morphology

We identified a class of neurons in the hippocampus
with pyramidal morphology to test whether they had a
similar distribution of Ih as pyramidal neurons. We have
termed these neurons ‘pyramidal-like principal’ (PLP)
neurons, based on our characterization below. We chose
these neurons in part because they are easily located
in the stratum radiatum (SR) using infrared differential
interference contrast microscopy (IR-DIC). Their relative
isolation allowed for both easier patch clamping at
the soma and tracing of their dendrites for dendritic
recordings. Figure 1A shows typical IR-DIC micrographs
of both pyramidal and PLP neurons. The soma of the PLP
is isolated, while the pyramidal neurons are surrounded
by other somata in the stratum pyramidale (SP).

PLP somata in CA1 SR were normally located
25–100 µm distal from the SP. They were found
throughout CA1, but in higher densities closer to the
subiculum. While also present in CA3, we did not further
characterize these neurons. The pyramidal-shaped somata
of PLPs were usually 5–10 µm larger than pyramidal
neurons both in width and height, with a prominent apical
dendrite extending to the stratum lacunosum moleculare
(SLM). There was a low density of PLP neurons relative to
pyramidal neurons. A typical 400 µm slice would contain
from five to ten PLPs in CA1, while hundreds of pyramidal
neurons would be present.

Fluorescent staining of a biocytin-filled CA1 pyramidal
neuron (Fig. 1B) and PLP neuron (Fig. 1C) revealed a
cylindrical or biconical radiation of dendrites common to
pyramidal neurons (Fiala & Harris, 1999). The proximal
apical dendrites of both types of neurons typically had
oblique branches that did not branch extensively. The
apical dendrites of both neuron types would often bifurcate
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after a minimum of 50 µm into branches that themselves
branched into many terminal processes. Both neuron types
also showed basal dendrites, with several smaller processes
emanating from the soma that did not extensively branch.
Location, branching, and the projection of PLP dendrites
were confirmed with light microscopy and horseradish
peroxidase staining of a biocytin-filled PLP neuron in
Fig. 1D, which shows a PLP soma located approximately
50 µm from the SP, and demonstrates the extension of
the apical dendrite into the SLM. The axons of some PLP
neurons were visible projecting to the alveus (Fig. 1C, E
and F ; arrowheads), while others also bifurcated (Fig. 1E),
which suggested that PLP neuron axons project both
outside of the hippocampus and to the subiculum and
entorhinal cortex, although subicular and entorhinal
connections were not verified. In two cases where

PLP neuronPyramidal     PLPA C

50 µm10 µm

Pyramidal neuron

50 µm

B

SLM

SR

SP

SO

A

SUB

50 µm 50 µm

G

FD

10 µm

G

50 µm
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Figure 1. PLP neuron morphology is similar to that of pyramidal neurons
A, a pyramidal-shaped soma and prominent apical dendrites are common to both CA1 hippocampal pyramidal
and PLP neurons, as seen in IR-DIC microscopy. B and C, composite projection images of biocytin-filled CA1
pyramidal and PLP neurons stained with streptavidin/Alexa-488 showed similar branching of apical, oblique, and
basal dendrites. The axon was visible projecting to the alveus (arrowhead). D, typical PLP location was exemplified
with a biocytin-filled PLP neuron (same neuron as C) resolved with horseradish peroxidase. The PLP soma was within
the proximal stratum radiatum (SR), while the apical dendrite extended to the stratum lacunosum-moleculare (SLM).
E and F, PLP neurons showed typical pyramidal morphology and axons extending to the alveus (arrowheads). In E,
the axon was also observed to bifurcate in the stratum oriens. G, magnification of the secondary dendrites of the
PLP neuron from F revealed numerous spines (arrowheads).

spines were apparently visible in low-resolution images,
higher-resolution images confirmed the presence of spines
on secondary dendritic branches (Fig. 1G; arrowheads).
These results indicate that PLP and pyramidal neurons
share a similar dendritic morphology.

PLPs lack inhibitory interneuronal markers

The presence of spines on the dendrites of PLPs combined
with the projection of their axons to the alveus suggested
that PLPs are excitatory neurons (but see Hsu & Buzsaki,
1993). We sought to determine if PLPs were excitatory or
inhibitory by staining for typical interneuronal markers
glutamic acid decarboxylase 65/67 (GAD), parvalbumin
(PV), cholescystokinin-8 (CCK), and calretinin (CR;
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Freund & Buzsaki, 1996, McBain & Fisahn, 2001). When
biocytin-filled neurons were counterstained for these
markers, PLPs were found to be immunonegative for GAD,
PV, CCK, and CR (Fig. 2A and B; CCK data not shown),
while neurons that matched morphological descriptions
of previously described interneurons were clearly visible
(Freund & Buzsaki, 1996; McBain & Fisahn, 2001). In
Fig. 2A, numerous neurons were present that stained for
GAD. Antibodies for PV primarily stained neurons with
somata located in the SP, with some apical processes visible
in the SR consistent with the known location of PV-positive
basket cells and chandelier cells (Freund & Buzsaki, 1996).
In Fig. 2B the dendritic morphology of neurons stained for
CR was multipolar, with little branching, while neurons of
a pyramidal morphology were not stained. This branching
is consistent with the description of CR interneurons as

A

B C

50 µm

50 µm50 µm

Calretinin EAAT 3

GAD 65/67–pink
PV–blue
Biocytin–green

Figure 2. PLP neurons do not stain for
interneuronal markers
A, PLPs were immunonegative for glutamic acid
decarboxylase 65/67 (GAD 65/67; pink) and
parvalbumin (PV; blue). GAD-positive interneurons were
visible in all layers of CA1, in addition to the PV-positive
dendrites of putative basket cells (blue). A biocytin-filled
PLP neuron was stained with streptavidin/Alexa-488
(green). B, calretinin-positive interneurons were brightly
stained, while neurons with PLP morphology were not
visible. C, staining for excitatory amino acid transporter
3 (EAAT3) revealed an immunopositive PLP neuron
(arrowhead) and a radiatum giant cell (RGC; arrow),
along with numerous pyramidal neurons.

having bipolar dendrites (Freund & Buzsaki, 1996; Gulyas
et al. 1996).

We then incubated slices with an antibody for excitatory
amino acid transporter 3 (EAAT3, EAAC1). Although
known to be present on inhibitory neurons in the
cerebellum, EAAT3 consistently stains pyramidal neurons
in the hippocampus (Rothstein et al. 1994; Kanai et al.
1995). We found dense staining for both pyramidal
neurons and neurons with PLP morphology in the SR
(Fig. 2C, arrowhead). Also present were neurons with the
typical ‘radiatum giant cell’ (RGC) morphology (Gulyas
et al. 1998) as described below (Fig. 2C, arrow). The
observed staining for markers found predominantly in
excitatory neurons, and lack of staining for inhibitory
neuron markers suggested that PLP neurons were
excitatory.
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PLPs project to subcortical regions

It is known that CA1 hippocampal pyramidal neurons
project to the septum and olfactory bulb while also
projecting within the hippocampal formation to the
subiculum and entorhinal cortex in rats (van Groen &
Wyss, 1990). Interneurons of the hippocampus, however,
project only locally (Freund & Buzsaki, 1996; McBain &
Fisahn, 2001). We therefore sought to test whether PLPs
have similar projections as CA1 pyramidal neurons by
injecting the retrograde tracer cholera toxin Alexa-488
(CTB) into the septum. After three days we examined
hippocampal slices to find dense staining of pyramidal
neurons and neurons with PLP morphology in the SR
(Fig. 3A; arrowhead). We also found neurons with two
prominent apical dendrites, which is typical for RGCs and
consistent with prior reports of their projection outside
the hippocampus (Gulyas et al. 1998; Fig. 3B, arrow). We
then administered CTB into the olfactory bulb and again
found staining of neurons with PLP morphology in the SR

50 µm 50 µm

50 µm 50 µm

A B

C D

Septum

Olfactory bulb

Septum

Olfactory bulb

Figure 3. PLP neurons project to the septum and olfactory bulb
A, a PLP neuron (arrowhead) was labelled with the retrograde tracer cholera toxin (CTB) conjugated with Alexa-488
three days after the tracer was injected into the septum. B, septal injection also labelled a radiatum giant cell (arrow)
as well as pyramidal neurons. C and D, PLPs stained (arrowheads) from CTB injected into the olfactory bulb three
days post-injection. Pyramidal neurons showed little or no staining.

(Fig. 3C and D). Olfactory injections only intermittently
labelled pyramidal neurons, which is similar to what was
observed in earlier retrograde staining (van Groen & Wyss,
1990; Gulyas et al. 1998). Together, these data suggest that
PLPs are a principal neuron of the hippocampus.

One distinction between PLPs and pyramidal neurons
is apparent in the scarcity of pyramidal neuron projections
to the olfactory bulb. This pattern of projection is similar to
the RGC, a class of principal neurons in the hippocampus
(Gulyas et al. 1998; Christie et al. 2000; Kirson & Yaari,
2000; Savic & Sciancalepore, 2001). RGCs also project to
the olfactory bulb, and make asymmetrical synapses with
other neurons (Gulyas et al. 1998). Most RGCs also have
two prominent apical dendrites that project to the SR/SLM.
The somata of these neurons normally have the shape of an
inverted triangle, and have little basal branching (Gulyas
et al. 1998; Kirson & Yaari, 2000). A minority of RGCs have
been described with a more typical pyramidal appearance,
particularly the ‘P-cell-like’ class described by Gulyas
et al. (1998) Although PLPs are probably a subclass of
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RGCs, we chose a distinct nomenclature to emphasize the
significantly different morphology of the PLP compared
to the typical non-pyramidal RGC morphology.

In summary, we found similarities in morphology
between PLP and pyramidal neurons based upon
visualization of biocytin-filled neurons. PLPs do not stain
for interneuronal markers, but do stain for an excitatory
marker, which suggests that PLP neurons are excitatory.
Finally, we found that PLP and pyramidal neurons project
to the septum and olfactory bulb, although to differing
extents.

PLPs have a gradient of Ih density that is reversed
from that in CA1 pyramidal neurons

Ih in CA1 pyramidal neurons is known to be present
in a gradient pattern, with a low density in the soma
that increases sevenfold in the apical dendrites (Magee,
1998). We sought to determine if the PLP neuron had a
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Figure 4. PLP neurons have a high density of Ih in the soma and a declining density in the dendrites
A, Ih traces from cell-attached voltage-clamp recordings from the soma and the dendrites of two separate PLP
neurons are shown. PLP soma traces had a maximal current approximately two times that of the PLP dendrite,
which was recorded 113 µm from the soma. Numbers on the right of the traces represent the voltage command. B,
binned PLP current density versus somatodendritic distance was measured from an ∼ −160 mV step and normalized
for patch area. PLP Ih showed a declining density from the soma to the distal dendrites (∗P < 0.01 compared to
soma, Kruskal–Wallis ANOVA). C, voltage-dependent activation curves were plotted from PLP somata (•), PLP
dendrites recorded at an average distance of 106 ± 9.3 µm (�), and pyramidal neuron dendrites (�) recorded at
an average distance of 156 ± 7.5 µm. PLP somata showed a similar activation curve to pyramidal dendrites, while
PLP dendrites had a hyperpolarized shift of approximately 10 mV.

similar gradient of Ih using cell-attached patch recordings.
Figure 4A shows typical current traces from PLP soma
and dendrite recordings. Unlike CA1 pyramidal neurons,
PLP somata had higher maximal currents than in PLP
dendrites. We measured Ih at dendritic distances up to
180 µm from the PLP soma. Because of the location within
the SR and larger size of PLP somata, this distance was
at or beyond the SR–SLM border, and thus represented
distal recording sites for PLP neurons. By normalizing
for patch area (Sakmann & Neher, 1995), we found an
average density of 14 ± 1.5 pA µm−2 in the PLP somata
(n = 20). The average density in the first 60 µm of the
dendrites was 7.8 ± 1.9 pA µm−2 (n = 18). For the second
60 µm, the density was 6.4 ± 1.0 pA µm−2 (n = 10) and
for the final 60 µm the density was 5.3 ± 1.3 pA µm−2

(n = 6; Fig. 4B). Maximal Ih density was significantly
lower in the dendrites compared to the soma (P < 0.05;
Kruskal–Wallis ANOVA). Although the means declined
through the dendritic compartments, differences between
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these compartments were not significant. The density of
Ih in PLP somata was similar to what we found in the
apical dendrites of pyramidal neurons (12 ± 3.4 pA µm−2;
n = 12) at a mean distance of 156 µm ± 7.5 µm (n = 12)
with a mean patch area of 2.8 ± 0.13 µm2 (n = 11).

Biophysical characteristics of Ih are similar between
PLP somata and pyramidal dendrites

We measured the biophysical properties of Ih observed
in PLP soma and dendrite recordings from the furthest
two bins (range between 60 and 180 µm; average
106 ± 9.3 µm), and compared them to those in CA1
pyramidal dendrites. Voltage-dependent activation was
found by measuring the normalized tail currents and
fitting the current–voltage relationship with a Boltzmann
function (Fig. 4C). We found a mean half-activation
voltage (V 1/2 ) of −84 ± 3.0 mV for PLP somata (n = 11),
−95 ± 2.4 for PLP dendrites (n = 10), and −86 ± 3.4 mV
(n = 7) for pyramidal dendrites. The V 1/2 was significantly
hyperpolarized for PLP dendrites compared to PLP
somata or pyramidal dendrites (P < 0.05), but was
not significantly different between pyramidal dendrites
and PLP somata. A similar trend in V 1/2 across the
somatodendritic axis has also been observed in pyramidal
neurons (Magee, 1998).

Activation time constants were measured by fitting
the current evoked near V 1/2 with a double-exponential
function. Ih shows a double-exponential time course in
CA1 pyramidal neurons, reflecting the expression of both
HCN1 and HCN2, with HCN1 activation normally an
order of magnitude faster than HCN2 (Santoro et al.
2000; Chen et al. 2001; Ulens & Tytgat, 2001; Robinson
& Siegelbaum, 2003). Slow activation time constants were
624 ± 94.8 ms for PLP somata (n = 11), 740 ± 189 ms for
PLP dendrites (n = 10), and 660 ± 179 ms for pyramidal
dendrites (n = 7). There were no significant differences
between groups. Fast activation time constants were
79 ± 10 ms for PLP somata, 75 ± 11 ms for PLP dendrites,
and 54 ± 8.7 ms for pyramidal dendrites. Again, the
groups did not significantly differ. The similarities of
both voltage-dependent activation and time constants
demonstrate that Ih is equivalent in pyramidal and PLP
neurons, thus both neurons probably have a similar
composition of HCN1 and HCN2 subunits.

Following cell-attached patch recording, we ruptured
the patch to determine the resting membrane potential
(RMP). Ih is known to depolarize the RMP, which in
some interneurons of the hippocampus influences their
spontaneous firing (Maccaferri & McBain, 1996a; Lupica
et al. 2001). PLP somata had a RMP of −67 ± 1.7 mV
(n = 11), while PLP dendrites had a RMP of−72 ± 2.8 mV
(n = 11), with no significant difference between the two
locations (P > 0.05). The RMP of pyramidal dendrites

was −60 ± 1.3 mV (n = 7), which was significantly
depolarized compared to the RMP of PLP somata and
dendrites (P < 0.05). This could reflect the reduced Ih

in PLP dendrites relative to pyramidal dendrites, which
would cause a hyperpolarizing shift in the RMP, although
other ion channels also help set the RMP in neurons (Day
et al. 2005).

Ih contributes to PLP intrinsic properties

Whole-cell current-clamp recordings were performed at
the soma and dendrites to characterize the influence of
Ih on the intrinsic properties of PLP neurons. Dendritic
recordings were made at a range of 125–175 µm, with an
average of 142 ± 6.1 µm (n = 10). Because K-gluconate
blocks Ih and some K+ currents (Velumian et al. 1997),
we used KMeSO4 in our internal solution to measure the
passive properties of PLP neurons. By giving depolarizing
current steps in 100 pA increments for 600 ms, we found
marked accommodation of action potential (AP) firing
in most PLP neurons (Fig. 5A), similar to that in CA1
hippocampal pyramidal neurons. Most of the neurons
examined clearly showed a spike after-depolarization
(Fig. 5A, arrowhead), which is common in pyramidal
and RGC neurons (Gulyas et al. 1998). Hyperpolarizing
current injections in all neurons produced a sag in
steady-state membrane potential, indicating Ih activation
(Fig. 5A; arrow).

We used similar methods when recording from
the dendrites of PLP neurons. Depolarizing current
steps given to PLP dendrites produced initial APs of
smaller amplitudes than somatic APs, with decrementing
amplitudes of subsequent APs. Figure 5B shows an
example from a dendritic recording made at 150 µm.
Pyramidal neuronal dendrites in CA1 also show a similar
spiking behaviour (Stuart & Sakmann, 1994; Colbert
et al. 1997; Jung et al. 1997), thus it appears that PLP
dendrites support back-propagating action potentials.
Hyperpolarizing current steps produced the ‘sag’ also
observed in the soma, indicating the presence of h-channel
activity.

We sought to verify the contribution of Ih to PLP
passive membrane properties by bath-applying ZD7288
(20 µm), a membrane-permeable and specific inhibitor of
Ih (Harris & Constanti, 1995), during somatic recordings
(Fig. 5C). To control for variability in the RMP, we held
the membrane potential at −65 mV. Current injections in
the presence of ZD7288 after 30 min produced a greater
voltage response than in control conditions, and were
sufficient to invoke firing in response to a previously
subthreshold current injection. The voltage sag indicative
of Ih was also reduced in the presence of ZD7288.

We measured the steady-state input resistance (Rin)
in response to 100–300 pA hyperpolarizing current

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 579.2 Ih in PLP neurons 439

injections (Fig. 5D) and found a Rin of 56 ± 2.8 M� for
PLPs (n = 25) recorded under control conditions in the
soma, and 51 ± 4.9 in the dendrites (n = 10). There was no
significant difference between input resistance at the soma
and the dendrites. After 30 min of incubation, ZD7288
significantly increased Rin at the soma to 144 ± 8.5 M�

(n = 14) as expected, indicating a significant contribution
of Ih to the input resistance (P < 0.001).

Blockade of Ih by ZD7288 also hyperpolarized the RMP
of PLP neurons. The RMP in PLPs hyperpolarized from
−66 ± 0.9 to −72 ± 1.0 (n = 16) following application of
ZD7288 (P < 0. 001, paired t test). Ih thus helps to set
the RMP of PLP neurons, although other ion channels are
probably involved as well (Day et al. 2005).
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Figure 5. Intrinsic properties of PLP
neurons
A, voltage response of a PLP neuron showed
the ‘sag’ (arrow) elicited by hyperpolarizing
current steps, indicating the presence of Ih. For
a 700 pA depolarizing current step, the neuron
fired with rapid accommodation. The
afterdepolarization is visible following the first
action potential (arrowhead). B, dendritic
recording from a PLP neuron (recorded at
150 µm) in response to a 500 pA depolarizing
and a 300 pA hyperpolarizing current injection
showed decremental back-propagating action
potential firing. C, the response of the neuron
in (A) to a depolarizing and hyperpolarizing
200 pA current step shown under control
conditions (black traces) and in the presence of
ZD7288 (red traces; 20 µM). The neuron
showed a markedly greater voltage deflection
with blockade of Ih. D, the mean input
resistance (Rin) of PLP soma in control
conditions (black) significantly increased in the
presence of ZD7288 (red; 20 µM; ∗P < 0.01;
paired t test). Rin from PLP dendrites under
control conditions (blue) was not significantly
different from PLP somata. E, recordings from
the PLP som in (A) in response to five alpha
function current injections delivered at 10, 20,
and 40 Hz under control conditions (black
traces) and after exposure to ZD7288 (20 µM;
red traces). A PLP dendrite recorded under
control conditions at 175 µm (blue) showed
similar TS as at the soma. All responses have
been normalized to the first alpha injection
from PLP soma controls. TS was measured as
the percentage of the neuron’s response to the
fifth alpha injection relative to the first. Pooled
data showed that TS was increased by
blockade of Ih with ZD7288 at the soma
(∗P < 0.01, paired t test), but was similar
under control conditions between the soma
and dendrites.

Ih in PLPs alters temporal summation similarly to
pyramidal neurons

Ih plays a role in temporal summation (TS) of pyramidal
neurons (Magee, 1999; Poolos et al. 2002). This effect
is most prominent at a frequency of 20 Hz, and less at
other frequencies. To see if the same effects are observed
in PLP neurons, we measured the response of PLP
neurons to alpha-function current injections at different
frequencies to simulate EPSPs. We used a train of five alpha
functions at 10 Hz, 20 Hz, and 40 Hz delivered to the
soma or dendrites of PLP neurons. Representative voltage
responses of a neuron to trains of alpha functions
are shown in control conditions and following application
of ZD7288 (20 µm; Fig. 5E). Following application of
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ZD7288, there is a visible increase in the amplitude
and time course of the neuronal response to the alpha
current injection, leading to an overall increase in TS
across frequencies. TS (Fig. 5E) in control conditions was:
103 ± 3.1%, 143 ± 4.5%, and 238 ± 5.4% (n = 19) for 10,
20, and 40 Hz, respectively. Following ZD7288 treatment,
TS was: 145 ± 6.8%, 205 ± 9.4%, and 290 ± 14% (n = 10)
for 10, 20, and 40 Hz, respectively. For dendrites in
control conditions TS was: 93 ± 4.0%, 131 ± 9.8%, and
231 ± 14.5% (n = 10) for 10, 20, and 40 Hz, respectively.
For all frequencies, ZD7288 significantly increased TS
(P < 0.01, paired t test), but no difference between soma
and dendrites was detected. In summary, Ih in PLP
neurons decreased temporal summation, with the greatest
change coming at 20 Hz, the frequency most sensitive
to Ih blockade in pyramidal neurons. Local summation,
however, was constant from soma to dendrites.
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Figure 6. Synaptic properties of PLP neurons
A, EPSPs recorded at the soma elicited by
stimulation at the border of the SR–SLM at
frequencies of 10, 20, and 40 Hz, are shown under
control conditions (black) or in the presence of
ZD7288 (20 µM; blue). Blockade of Ih caused a
significant increase in TS at 10 and 20 Hz
(∗P < 0.05, paired t test) compared to controls. B,
EPSPs were generated similarly to A under control
conditions (black) and with blockade of NMDA
receptors by APV (100 µM; blue). The response to
alpha function current injections at the soma of the
neuron in Fig. 5B are also displayed (red). Under
control conditions, synaptic stimulation produced
markedly increased TS, which was NMDA
receptor-dependent. Pooled data for EPSP temporal
summation were measured similarly to Fig. 5B. In
the presence of APV, synaptic stimulation showed a
significant decrease in TS (∗P < 0.05) compared to
control, and was similar to that seen with alpha
current injections at the soma.

PLP input is normalized across the
somatodendritic axis

To further clarify the role of temporal summation in
PLP neurons, we evoked excitatory postsynaptic potentials
(EPSPs) in PLP neurons by extracellularly stimulating
afferents along the border of the SR–SLM (Fig. 6A). We
measured the amount of EPSP summation in the neurons
to five stimuli delivered at 10, 20, and 40 Hz, and blocked
Ih by ZD7288 (20 µm) to isolate its effects on TS. TS
was: 141 ± 6.7%, 263 ± 18.4%, and 455 ± 31.7% for 10,
20, and 40 Hz, respectively, under control conditions
(n = 4). Following application of ZD7288, TS increased
to: 238 ± 22%, 339 ± 4.1%, and 544 ± 52% for 10, 20,
and 40 Hz, respectively, a significant increase for 10 and
20 Hz (P < 0.05, paired t test). These results are higher
than TS measured with current injections, and suggest
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that synaptic events may be a critical factor in TS beyond
the intrinsic properties of the neuron.

A potentially important component to EPSP
summation is activation of NMDA receptors, particularly
for RGCs, which may have a unique NMDA component
to their EPSPs (Kirson & Yaari, 2000). We blocked NMDA
receptors with dl-2-amino-5-phosphopentanoate (APV;
100 µm) and found a significant reduction in EPSP
summation (Fig. 6B). Prior to infusion of APV, TS was:
146 ± 21.5%, 222 ± 32.2%, and 400 ± 41.1% (n = 6,
P < 0.05) for 10, 20, and 40 Hz, respectively. APV reduced
TS to 96 ± 10.3%, 152 ± 20.9%, and 274 ± 44.1% (n = 6).
Interestingly, when NMDA receptors were blocked, TS was
similar to values observed from alpha current injections
at the soma. Comparisons of TS reveal significant
differences between EPSPs in control conditions and
following infusion of APV (P < 0.05), but no difference
between EPSPs in APV and alpha current injections at the
soma. This would suggest that TS is ‘normalized’ in PLP
neurons as it is in pyramidal neurons (Magee, 1999).

These results show that PLP neurons have Ih that is
similar in biophysical properties to that of pyramidal
neurons, but found in a reversed somatodendritic
gradient. Input resistance and local temporal summation
is similar across the somatodendritic axis, with Ih making
a significant contribution. As in pyramidal neurons,
synaptic TS is also normalized across the somatodendritic
axis, with Ih a strong component.

Discussion

We have described a principal neuron of the hippocampus
with pyramidal morphology, the PLP neuron, that has
a reversed somatodendritic gradient of Ih compared to
CA1 hippocampal and neocortical pyramidal neurons.
PLP neurons lack interneuronal markers and project to
both the septum and olfactory bulb, suggesting that they
are excitatory principal neurons of the hippocampus. They
possess a high somatic Ih density, comparable to that seen
in the mid-apical dendrites of CA1 pyramidal neurons,
and a relatively low dendritic Ih that declined to a lower
density with dendritic distance. While the somatodendritic
gradient of Ih was different from pyramidal neurons,
Ih voltage-dependent activation and activation time
constants were similar in both PLP and pyramidal neurons,
suggesting that Ih in both neuron types has a similar
composition of HCN subunits.

Prior studies have shown that Ih is present at high
density in the dendrites of pyramidal neurons in both
CA1 hippocampus and the neocortex (Magee, 1998; Berger
et al. 2001). The present study demonstrates that this
pattern is not a universal feature of neurons with pyramidal
morphology. The reversed Ih distribution in PLP neurons
compared to CA1 pyramidal neurons is all the more

striking considering that the apical dendritic arbors of
these two neurons traverse the same hippocampal strata –
the stratum radiatum and stratum lacunosum moleculare
– and probably receive some of the same excitatory afferent
inputs (Maccaferri & McBain, 1996b; Gulyas et al. 1998).
This suggests that h-channel somatodendritic distribution
is specific to neuronal type and not simply a function
of dendritic morphology or excitatory synaptic input.
Of note, a different Ih distribution is seen in cerebellar
Purkinje cells in which Ih density is uniform from soma
to dendrites (Hausser & Clark, 1997), showing that other
patterns may be seen in non-pyramidal neurons.

Ih active at rest decreases the temporal summation of
EPSPs by gradually deactivating (producing a net outward
current), thus opposing the summated depolarization. In
pyramidal neurons, Ih tends to ‘normalize’ the temporal
summation of EPSPs evoked at distal dendritic locations
to the value seen at proximal locations, by compensating
for the increase in TS that would occur through passive
propagation of distal dendritic potentials to the soma
(Magee, 1999). In PLP neurons, the same phenomenon
appears to occur, with quantitatively similar summation
of distally evoked EPSPs compared to summation of
EPSP-like voltage transients at the soma. This suggests,
as suspected on theoretical grounds, that normalization
of temporal summation may occur with a variety of Ih

subcellular distribution patterns (Magee, 1999). Unlike in
pyramidal neurons, however, local temporal summation in
PLP neurons was not different for dendritic versus somatic
recording sites; this probably reflects the shallower Ih

gradient (∼2-fold change versus 7-fold in CA1 pyramidal
neurons), and the shorter apical dendritic tree found in
PLP neurons.

PLP neurons share many characteristics with the
previously described radiatum giant cells, including
somatic size and location, lack of staining for interneuronal
markers, and extra-hippocampal axonal projections
(Gulyas et al. 1998; Kirson & Yaari, 2000; Savic &
Sciancalepore, 2001). In light of these similarities, this
study shows that PLPs probably represent a subtype
of RGCs. In particular, PLP neurons are probably the
‘P-cell-like’ variety described by Gulyas et al. (1998) which
comprises approximately 20% of the RGC population.
PLPs probably also share RGC patterns of innervation
in area CA1 from stratum radiatum afferents, and
presumably make excitatory synapses as has been shown
for RGCs on an ultrastructural level (Gulyas et al. 1998),
although this was not demonstrated in PLP neurons. The
typical RGC morphology, however, possesses an inverted
pyramidal or shield-shaped soma, with two symmetrical
apical dendrites emanating from the apices of the soma
(as seen in Fig. 3B). The distinct pyramidal morphology
of PLPs compared to that of the typical non-pyramidal,
bidendritic morphology of RGCs suggests that it is
appropriate to distinguish these two types of neurons.
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Little is known about the ion channel distributions in
typical RGCs, but study of h-channels and other ion
channel types in these cells may be useful in understanding
how the excitability of these neurons differs from PLPs.

The function of PLPs and RGCs is similarly unknown.
That they appear to project more strongly to the olfactory
bulb than CA1 hippocampal pyramidal neurons suggests
they may subserve a different functional role in the
hippocampus. On a more basic level, however, we
believe that PLP neurons will be a useful model system
for understanding how Ih affects signal integration in
pyramidal neurons, given its reversed somatodendritic
Ih distribution compared to CA1 pyramidal neurons.
Further, Ih in PLP neurons appears to have almost identical
biophysical properties to that in CA1 hippocampal
pyramidal neurons, and its somatic location in PLP
neurons makes patch-clamp recording far more accessible
than the comparable dendritic location in CA1 pyramidal
neurons. Thus PLP neurons supply an ideal model system
for studying pharmacology and modulation of h-channels
(Poolos et al. 2006). These considerations underlie our
hope that PLPs will emerge as a novel principal neuron of
the hippocampus worthy of further investigation.
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