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Abstract
The hippocampus receives two streams of information, spatial and nonspatial, via major afferent
inputs from the medial (MEC) and lateral entorhinal cortexes (LEC). The MEC and LEC
projections in the temporoammonic pathway are topographically organized along the transverse-
axis of area CA1. The potential for functional segregation of area CA1, however, remains
relatively unexplored. Here, we demonstrated differential novelty-induced c-Fos expression along
the transverse-axis of area CA1 corresponding to topographic projections of MEC and LEC
inputs. We found that, while novel place exposure induced a uniform c-Fos expression along the
transverse-axis of area CA1, novel object exposure primarily activated the distal half of CA1
neurons. In hippocampal slices, we observed distinct presynaptic properties between LEC and
MEC terminals, and application of either DA or NE produced a largely selective influence on one
set of inputs (LEC). Finally, we demonstrated that differential c-Fos expression along the
transverse axis of area CA1 was largely abolished by an antagonist of neuromodulatory receptors,
clozapine. Our results suggest that neuromodulators can control topographic TA projections
allowing the hippocampus to differentially encode new information along the transverse axis of
area CA1.
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INTRODUCTION
The brain has the capacity for parallel information processing, in which sensory information
received from the environment is segregated and independently processed based on
particular features. For example, it is generally accepted that visual information is processed
in two distinct information streams (Ungerleider and Haxby, 1994): a ventral stream that
subserves object recognition, or “what” perception and a dorsal stream that primarily
represents spatial information, or “where” perception. These distinct streams of information
must be integrated somewhere in the brain for coherent perception (Engel and Singer, 2001).
A number of studies indicate that the hippocampus, a brain structure important for episodic/
declarative memory formation (Scoville and Milner, 1957; Squire et al., 2004), is one such
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integrative area that combines the two streams of information (Witter and Amaral, 2004;
Manns and Eichenbaum, 2006).

As initially described by Cajal (1911), the hippocampus receives major afferent inputs from
its adjacent structure, the entorhinal cortex (EC). Anatomically, the EC can be further
divided into two subdivisions, the medial and lateral areas (MEC and LEC), based on
cytoarchitecture and projection patterns (Blackstad, 1956; Dolorfo and Amaral, 1998; Witter
and Amaral, 2004; Canto et al., 2008). Recent studies further indicate that the MEC and
LEC are functionally distinct. For example, strong spatial modulation of neuronal activities
is observed in the MEC (Fyhn et al., 2004; Hafting et al., 2005), but not in the LEC
(Hargreaves et al., 2005). LEC neurons are, in contrast, likely to be involved in nonspatial
information processing related to specific objects or cues in the environment (Knierim et al.,
2006). Targeted lesions of each subarea/projection led to distinct behavioral deficits
(Gauthier et al., 1983; Ferbinteanu et al., 1999; Hunsaker et al., 2007).

The projections from the MEC and LEC terminate in distinct parts of the hippocampus
(Steward, 1976; Wyss, 1981; Witter and Amaral, 2004) (see Fig. 2). In the perforant
pathway (originating from layer II EC neurons), the fibers from the LEC terminate in the
outer third of the molecular layer in the dentate gyrus (DG) and the superficial layer of
stratum lacunosum moleculare (SLM) in area CA3, but the axons from the MEC make
synapses in the middle third of the DG molecular layer and the deep layer of the CA3 SLM.
On the other hand, in the temporoammonic (TA) projection (originating from layer III EC
neurons) to area CA1, the fibers from the LEC make synapses in the distal part (close to the
subiculum) of the CA1 SLM, and the axons from the MEC terminate in the proximal part
(close to area CA3). The topographic organization of LEC and MEC inputs suggests that
neurons in proximal or distal CA1 receive predominantly one set of entorhinal–cortical
inputs via the TA pathway, implying the existence of functional division along the
transverse axis of area CA1. This contrasts with the laminar organization of the perforant
pathway, where each neuron in the DG or area CA3 receives both MEC and LEC inputs at
different dendritic locations.

Although the EC provides the hippocampus with both spatial and nonspatial information,
hippocampal neurons are not just passive responders to environmental stimuli. One
prominent feature of hippocampal neuron activity is a clear sensitivity to stimulus novelty
(Knight, 1996; Stern et al., 1996; Dolan and Fletcher, 1997; Vinogradova, 2001; Rutishauser
et al., 2006), suggesting that the hippocampus may act as a novelty detector (Parkin, 1997;
Kumaran and Maguire, 2007). Supporting this idea, novelty exposure influences synaptic
plasticity in the hippocampus (Manahan-Vaughan and Braunewell, 1999; Lemon and
Manahan-Vaughan, 2006), and hippocampal-lesioned animals display deficits in novelty
detection (Buhusi et al., 1998; Allen et al., 2002; Hunsaker et al., 2008). The novelty-
dependent activation of hippocampal neurons is likely to be a critical feature for learning,
allowing circuit modifications that optimize stimulus prediction. How the hippocampus
acquires information about the novelty of stimulus or context is still unclear, but a number
of studies have indicated a critical role of neuromodulators (Hasselmo, 1995; Ranganath and
Rainer, 2003; Lisman and Grace, 2005).

Neuromodulators play a key role in controlling information flow among brain areas [see Ito
and Schuman (2008) for a review]. Midbrain dopaminergic neurons in ventral tegmental
area and substantial nigra compacta show increased activity after exposure to novel stimuli
(Schultz, 1998; Horvitz, 2000). The release of another major neuromodulator in the brain,
norepinephrine (NE), is also controlled by novel stimuli (Vankov et al., 1995; Harley, 2004;
Aston-Jones and Cohen, 2005; Sara, 2009). The axons of these neuromodulator-releasing
neurons project to the hippocampus (Swanson, 1987; Gasbarri et al., 1997) and release
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dopamine (DA) or NE after animals are exposed to a novel environment (Ihalainen et al.,
1998). A number of studies have indicated that DA or NE plays an important role in
hippocampal-dependent learning (Gasbarri et al., 1996; El-Ghundi et al., 1999; Li et al.,
2003; Murchison et al., 2004).

The interactions between neuromodulators and the hippocampus may be crucial for
constructing or updating representations of environmental context, which requires the
integration of spatial and nonspatial information. Here, we investigated how neurons in the
hippocampus are activated by different types of stimulus novelty and examined if there is a
functional division in area CA1 afforded by the anatomical organization of LEC and MEC
inputs. We then examined the effects of NE and DA at entorhinal–cortical inputs as a
potential mechanism for the independent control of spatial and nonspatial information
processing in the hippocampus.

MATERIALS AND METHODS
Hippocampal Slice Preparation

Slices were prepared from 21 to 30-day-old Sprague–Dawley rats (Charles River). A
vibrating microtome (Leica VT1000S) was used to make horizontal sections of the
hippocampus (500-μm thickness for extracellular recordings and 300 μm for whole-cell
recordings) in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM)
119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl, 1.0 NaH2PO4, 26.2 NaHCO3, and 11.0 glucose.
Slices made from 4 to 4.5 mm below the ventral surface of the brain were used for all
electrophysiology and immunohistochemistry experiments (see Supporting Information Fig.
2). Slices were recovered at room temperature for at least 2 h in an interface chamber and
then transferred to a submerged recording chamber perfused with ACSF at 24.5–25.5°C or
32–34°C (for frequency-dependent analysis). For TA pathway recordings, the DG and CA3
were removed to eliminate the possible activation of the trisynaptic pathway or perforant
path projection to area CA3. Concentric bipolar tungsten electrodes (FHC: no. CBBRC75 or
CABRC75; the inner pole diameter was 25 μm, and the outer pole diameter was 200 μm for
the TA path or 125 μm for the perforant path stimulation.) and stimulus isolators (Axon
Instruments) were used for the stimulation.

Electrophysiology
Extracellular field potential recordings were made with 1–3 MΩ resistance microelectrodes
filled with 3 M NaCl using a bridge amplifier (Axoclamp 2B, Molecular Devices). We
followed previous reports for the recordings from lateral TA-CA1 synapses (Otmakhova and
Lisman, 1999; Ito and Schuman, 2007); the stimulating electrode was placed in the SLM of
the CA1 border near the subiculum or the superficial molecular layer of the proximal
subiculum (close to area CA1), and the recording electrode was inserted in the distal half of
the CA1 SLM. To record from medial TA-CA1 synapses, the stimulating electrode was
placed in the SLM of the CA1 border near area CA2, and the recording electrode was
inserted in the proximal half of the CA1 SLM (see Fig. 3). The distance between each pair
of stimulating and recording electrodes was 200–300 μm. We note here that although not
explicitly stated, our previous work (Ito and Schuman, 2007) described recordings
exclusively from the lateral TA-CA1 synapses. The evoked synaptic potentials in the above
recording configuration represent synaptic activity derived from EC axons, but also from
synapses with the nucleus reuniens (Herkenham, 1978; Wouterlood et al., 1990; Dolleman-
Van Der Weel and Witter, 1996), postrhinal (Naber et al., 2001), or perirhinal cortex (Kosel
et al., 1983; Naber et al., 1999). The reuniens inputs, however, uniformly project to proximal
and distal parts of the CA1 SLM, thus will not contribute to the functional differences along
the transverse-axis of CA1. The postrhinal and perirhinal projections to CA1 are

Ito and Schuman Page 3

Hippocampus. Author manuscript; available in PMC 2013 April 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



topographically organized as similar to those from MEC and LEC; however, these
projections are relatively weak and make synapses at the extreme borders of CA1 (Naber et
al., 1999, 2001), which we avoided in the placement of the recording electrodes. Whole-cell
voltage-clamp recordings from CA1 pyramidal neurons or DG granule cells were obtained
without visualization with an Axopatch 200B (Molecular Devices). Internal solution of
whole-cell patch pipettes was (in mM) 115 cesium gluconate, 20 KCl, 10 sodium
phosphocreatine, 10 HEPES, 0.2 EGTA, 2 MgATP, and 0.3 NaGTP (pH 7.3). In addition, to
minimize the possible postsynaptic current modulation by DA or NE, pipette solutions
contained (in mM) 5 QX314, 10 TEA, and 1 4AP. Membrane voltage was clamped at −60
mV (without liquid junction potential correction). Membrane capacitance was cancelled, and
series resistance was compensated (60–70%). Recordings were discarded when the series
resistance was over 20 MΩ or either series or membrane resistance changed more than 30%
during data acquisition. For the analysis of frequency-dependent signal modulation, 100
pulses were applied at the indicated frequencies after baseline responses were stable for at
least 10 min. The long-term potentiation (LTP) induction protocol was 100 pulses at 100 Hz,
repeated twice with a 30-s interval. All stimulus pulses were of the same length and
amplitude as test pulses. Test pulses were applied once every 30 s for extracellular field
recordings and every 10 s for whole cell recordings. Drugs were applied by dilution of
concentrated stock solutions into the perfusion medium. The final concentration of bath-
applied DA or NE was 20 or 10 μM, respectively. DA and NE were obtained from Sigma.
All other drugs were obtained from Tocris.

Behavioral Analysis
Animals used for behavioral analysis were male Sprague–Dawley rats, 24–30 days old. All
the behavioral manipulations were carried out at night (0–4:00 A.M.) to maximize active
exploration of the environment. The objects used for novel object exposure were three small
children’s toys, made of either plastic or wood. The new home cage for novel place
exposure was in the same color and shape as the original cage, but had new woodchip
flooring and did not have a food box on the ceiling. In DA -antagonist experiments, 250 μl
of saline or clozapine (10 mg/kg, diluted in saline) was injected intraperitoneally in animals.
Clozapine blocks every subtype of DA receptors, but also has a small antagonistic effect on
serotonin receptors and α-2 adrenergic receptors (Baldessarini and Frankenburg, 1991).

Data Analysis
Electrophysiology—Data were collected using a custom-written program in LabView
(National Instruments) for extracellular recordings, or DigiData 1200 and pClamp 9
(Molecular Devices) for whole-cell recordings. All numerical values listed represent mean ±
s.e.m. For synaptic plasticity experiments, the baseline fEPSP was normalized to the
depressed state. For analysis of the waveforms, during 100 pulse stimulation, stimulation
artifacts and fiber volleys were excluded, and the gaps were linearly connected, and the last
excitatory potential or current (100th stimulus response) was measured by a custom program
in Matlab (MathWorks). A Wilcoxon rank sum test was performed to analyze the statistical
significance of the data.

Immunohistochemistry—Slices (500 μm thickness) were prepared using the same
procedure as for electrophysiology recordings. After cutting, slices were quickly fixed in 4%
paraformaldehyde in phosphate-buffered saline for at least 2 days. Thin (50 μm) sections
were cut with a vibrating microtome (Leica VT1000S). The sections were incubated
overnight with either of 1:250 concentration of antic-Fos (sc-52) (Santa Cruz), 1:1,000 of
anti-NeuN (Millipore), 1:1,000 of anti-Synapsin I (Millipore), and 1:1,000 of anti-Bassoon
(Stressgen) antibodies. The incubation was carried out at room temperature in Tris-buffered
saline containing 0.2% Triton X-100, BSA 2%, and NGS 4%, followed by 4 h of secondary-
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antibody incubation with 1:1,000 of Alexa 488-conjugated antirabbit and 1:1,000 of Alexa
543-conjugated anti-mouse antibodies (Invitrogen). For the analysis of
immunohistochemistry experiments, images were obtained with Zeiss LSM 510 laser
scanning confocal microscopes using a Plan-Neofluor 10×/0.3 air objective. Alexa 488 and
546 were visualized by excitation with the 488 line of an argon ion laser and the 543 nm line
of a He–Ne laser, respectively. The optical section was 20 μm, and fluorescent signals were
acquired throughout the slice thickness (50 μm). Each 50-μm slice was obtained from a
different 500-μm section, and two slices were analyzed from each animal. Slices were
obtained from the same septotemporal position in all experiments. To count the number of c-
Fos positive neurons, fluorescent signals less than the mean + 2SD were excluded (see
Supporting Information Fig. 1C). Then, automated particle analysis was carried out using
ImageJ (NIH) based on the following criteria: particle size must be larger than 56 μm2 and
the circularity larger than 0.5. For the analysis of dentate granule cells, particle sizes larger
than 39 μm2, instead 56 μm2, were used due to the smaller size of granule cells. Statistical
differences between animals groups were assessed by ANOVA. Regional differences were
statistically analyzed by a Wilcoxon rank sum test.

RESULTS
Differential Activation of Distal and Proximal CA1 by Exposure to Novel Object or Place

Neurons in the hippocampus exhibit differential firing based on the novelty or familiarity of
stimuli encountered in the environment. We examined whether exposure to novel stimuli
leads to activation of neurons in area CA1, and if so, whether there is differential activation
along the transverse-axis of area CA1, due to the topographic organization of LEC and MEC
projections in the TA pathway. Following home-cage exposure for several days, pairs of
individually housed rats were subjected to one of the following conditions: exposure to
novel objects in the home cage (experimental group: EXP) or sham exposure (cage opened
but no objects introduced, control group: CON). After 2 h of novel object exposure, animals
were sacrificed, and immunohistochemistry was performed on brain slices. To observe
activation of CA1 neurons, we stained with antibodies for an immediate early gene product,
c-Fos (Morgan and Curran, 1991; Guzowski et al., 2005), together with a neuronal nuclear
marker protein, NeuN (Fig. 1A). Animals exposed to the novel objects exhibited a
significantly higher number of c-Fos-positive neurons in area CA1, when compared with
control animals. As the EC projection to area CA1 shows topographic organization, we
counted the number c-Fos-positive neurons in distal (receiving LEC inputs) versus proximal
(receiving MEC inputs) CA1. We observed a larger number of c-Fos positive neurons in
distal CA1 compared to proximal CA1 (c-Fos positive cells: distal 9.4 ± 0.8, proximal 3.1 ±
0.6; P = 0.0001 in Wilcoxon rank sum test; Fig. 1C) in brain slices from EXP, but not
control, animals.

To further examine the potential topographic representation of environmental signals to area
CA1, we examined c-Fos expression after animals were exposed to a novel environment.
Using the same design as earlier, one animal was removed from his home cage and placed in
a new cage (“EXP” group), and the paired control was removed and then reintroduced to his
home cage (“CON” group). Exposure to a novel place significantly enhanced c-Fos
expression in neurons in both proximal and distal CA1 (c-Fos positive cells: distal 10.3 ±
1.2, proximal 10.6 ± 0.9; P = 0.82 in Wilcoxon rank sum test; Figs. 1B,D). These data
indicate that proximal and distal CA1 can be differentially activated depending on the
different type of stimulus novelty.
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Differences in Presynaptic Properties Between LEC and MEC Inputs
The above difference in c-Fos immunoreactivity between proximal and distal CA1 indicates
that topographic projections in the TA pathway are behaviorally relevant. We next
investigated whether any differences can be detected between LEC and MEC inputs at the
synaptic scale. Because neurons in different brain regions often express different level of
presynaptic proteins (Oyler et al., 1989; Melloni et al., 1993; Richter et al., 1999), we
performed immunohistochemistry on hippocampal slices to examine whether there are
differences in presynaptic protein expression corresponding to LEC and MEC synapses. We
found that synaptic terminal proteins, synapsin I, and bassoon showed differential
distribution along the transverse axis of the CA1 SLM (Supporting Information Fig. 2). The
transition of these differences occurs roughly at the midline of the CA1 transverse axis
(Supporting Information Fig. 2D), corresponding to the slice section level, we chose (see
Methods section), which mapped onto the previously reported anatomical distinction
between areas receiving LEC and MEC inputs (Steward, 1976; Wyss, 1981; Witter and
Amaral, 2004). These immunostaining results suggest that proximal and distal parts of the
CA1 SLM possess different axon terminals, providing support for the topographic LEC and
MEC projection.

Next, we examined paired pulse facilitation at synapses made in the proximal and distal half
of the CA1 SLM, to assess the presynaptic function of LEC and MEC terminals. We found
that paired-pulse facilitation was significantly larger at synapses made in the proximal SLM
(receiving MEC projection; i.e., medial TA-CA1 synapses), compared to synapses made in
the distal SLM (receiving LEC projection; i.e., lateral TA-CA1 synapses) (medial TA: 1.79
± 0.08, lateral TA: 1.24 ± 0.07) (Fig. 2A). In the perforant pathway, lateral PP synapses
showed larger facilitation than medial PP synapses (mPP: 0.76 ± 0.05, lPP: 1.51 ± 0.10)
(Fig. 2B), as previously reported (McNaughton, 1980). Thus, our results indicate that LEC
and MEC terminals have distinct functional properties, providing a potential substrate for
the differential control of LEC and MEC synapses in vivo.

Differential Influence of DA and NE on Inputs from the LEC and MEC
Novel signals or stimuli in an animal’s environment are known to influence the firing of DA
and NE-releasing neurons (Schultz, 1998; Harley, 2004). Thus, we asked whether DA and/
or NE modulate LEC and MEC inputs to bring about the observed differences between
distal and proximal CA1 activation. To examine this, we obtained extracellular field
potentials from lateral and medial TA-CA1 synapses in hippocampal slices (Fig. 3A). When
DA (20 μM) was bath applied, the fEPSP at lateral TA-CA1 synapses was largely depressed
(55% ± 3%, mean percent of baseline 15–20 min after drug application) (Otmakhova and
Lisman, 1999; Ito and Schuman, 2007), but the fEPSP at medial TA-CA1 synapses was only
marginally influenced (95% ± 3%) (Fig. 3B). We also tested another neuromodulator, NE,
and found that bath application of NE (10 μM) also induced significantly larger depression
at lateral TA-CA1 synapses (40% ± 7%), compared to medial TA-CA1 synapses (89% ±
2%) (Fig. 3B). No significant influence of DA or NE was observed at Schaffer-collateral
(SC) synapses made with either the proximal or distal part of CA1 (proximal SC: DA 101%
± 2%, NE 97% ± 2%; distal SC: DA 102% ± 2%, NE 98% ± 2%; mean percent of baseline
15–20 min after drug application) (Supporting Information Fig. 3A). Thus, bath application
of DA or NE primarily modulated lateral TA-CA1 synapses, while their influence on other
synapses in area CA1 was minimal. We hypothesized that this differential modulation by
neuromodulators is due to the different origins of synaptic inputs (MEC vs. LEC). To test
this idea, we also examined the neuromodulators’ effect on the perforant path (PP)–DG
synaptic transmission.
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We placed both stimulating and recording electrodes in either the outer or middle third of
the molecular layer of the DG (Fig. 3C). When DA was bath applied, the fEPSP at lateral
PP-DG synapses was depressed to 75% ± 4% of baseline; however, fEPSP at medial PP-DG
synapses was not depressed but rather slightly enhanced (111% ± 6%) (Fig. 3D). Similarly,
NE also largely depressed synaptic inputs from lateral PP (52% ± 5%), but had lesser effects
on medial PP-DG synapses (88% ± 5%) (Fig. 3D). As previously demonstrated, DA- and
NE-mediated synaptic depression at lateral TA-CA1 synapses is reversible after the washout
of neuromodulators (Otmakhova and Lisman, 1999; Otmakhova et al., 2005; Ito and
Schuman, 2007). Here, we confirmed that neuromodulator-mediated control of PP-DG
synapses was also reversible (Supporting Information Fig. 3B). Taken together, our results
indicate that the neuromodulators, DA, and NE primarily influence synapses made with
LEC inputs, providing differential and temporally controlled regulation of two streams of
information (e.g., spatial and nonspatial) from the EC to the hippocampus.

Presynaptic Inhibition of LEC Inputs by DA and NE
To examine the synaptic locus of this differential modulation of LEC versus MEC inputs,
we conducted whole-cell voltage clamp recordings from pyramidal neurons in distal CA1
and measured the synaptic responses evoked by stimulation in SLM (Fig. 4A). When fast
inhibitory synaptic transmission (bicuculline: 10 μM) as well as postsynaptic voltage-gated
sodium/potassium channels (intracellular QX314: 5 mM, TEA: 10 mM, and 4AP: 1 mM)
were blocked, NE still significantly depressed the EPSC derived from lateral TA-CA1
synapses (45% ± 8%, mean percent of baseline 7–10 min after drug application) and
enhanced paired-pulse facilitation (1.22 ± 0.08 to 1.76 ± 0.20), suggesting a mechanism of
presynaptic inhibition. We previously examined DAs influence on these synapses (Ito and
Schuman, 2007) and found similar results (EPSC amplitude: 58% ± 2%, paired-pulse
facilitation: 1.47 ± 0.05 to 1.90 ± 0.08 after DA application), suggesting that DA also
reduces presynaptic release probability. Similar results were obtained with extracellular field
recordings in the presence of GABAA and B receptor antagonists, bicuculline and CGP55845
(Supporting Information Fig. 4). We also conducted whole-cell voltage-clamp recording
from granule cells in the DG and measured synaptic responses from lateral and medial PP
inputs (Fig. 4B). Both NE and DA largely depressed the EPSC evoked by lateral PP
stimulation (NE: 46% ± 5%, DA: 71% ± 6%), but only slightly depressed EPSC from
medial PP (NE: 88% ± 10%, DA: 90% ± 4%). Paired-pulse facilitation was significantly
increased by both DA and NE at lateral PP synapses (NE: 1.51 ± 0.20 to 2.29 ± 0.38 and
DA: 1.51 ± 0.09 to 1.83 ± 0.14) but not at medial PP synapses (NE: 0.74 ± 0.6 to 0.66 ±
0.04 and DA: 0.77 ± 0.07 to 0.79 ± 0.07) (Fig. 4C). Taken together, our results suggest that
neuromodulators act on LEC inputs via, at least in part, a presynaptic mechanism.

We also examined the receptor subtype contribution to the neuromodulator-mediated control
of entorhinal–hippocampal connections, using a variety of receptor antagonists. These
studies suggest the contribution of both DA D1-like and D2-like receptors to DA-induced
synaptic depression and the α-2 adrenergic receptor to NE-induced depression at both the
TA and perforant pathway synapses (Supporting Information Fig. 4). Thus, the TA and
perforant pathway appear to utilize a similar signal transduction pathway for the
neuromodulator-mediated control of LEC inputs, irrespective of the origin differences
between the TA pathway (layer III of the EC) and the perforant pathway (layer II of the EC).
The differential control of lateral and medial perforant path by NE, we observed here, is
mediated by a distinct mechanism from previous reports on β adrenergic receptors (Dahl and
Sarvey, 1989; Pelletier et al., 1994). Because α-2 adrenergic receptors are primarily located
at presynaptic terminals in the hippocampus (Milner et al., 1998; Hillman et al., 2005), our
results are consistent with the idea that differential control of MEC and LEC synapses is
mediated by presynaptic terminal differences.
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Differential Modulation of High-Frequency Signal Transmission by DA or NE at Lateral TA-
CA1 Synapses

Signal transmission in neuronal networks is intrinsically nonlinear and strongly influenced
by the frequency of the input signals (Markram et al., 1998). Dynamic changes in the
amplitude, frequency, and phase-coordination of oscillations in vivo appear to be
functionally linked to animal behavior (Buzsaki and Draguhn, 2004), suggesting that
oscillatory activities may participate in signal gating (Laurent, 2002; Ito and Schuman,
2008). As DA modulates frequency-dependent signal transmission at distal TA-CA1
synapses by enhancing high-frequency input signals but depressing low-frequency inputs
(Ito and Schuman, 2007; Fig. 5), we next examined how NE influences frequency-dependent
signal transmission at these same synapses.

We applied 100 pulses of stimulation to the TA pathway at different ranges of stimulation
frequency from 5 to 100 Hz (Fig. 5A). As in our previous report (Ito and Schuman, 2007),
we focused on the analysis of steady-state potentials, because transient potentials during the
first few stimuli can be influenced by the prestimulus state of the neuronal network. When
low-frequency (<50 Hz) stimulation was applied, NE strongly depressed the steady-state
potentials when compared with control. However, as the stimulation frequency increased,
the difference between control and NE became smaller (Fig. 5B), with no modulation
observed at high frequencies (>50 Hz). Although the depression of low-frequency signals by
NE is similar to DA-induced modulation, a major difference appeared during high-
frequency stimulation: only DA enhanced high-frequency signals.

Thus, although no difference between DA- and NE-mediated synaptic modulation was
evident in our analysis of basal synaptic transmission (0.033 Hz) (Fig. 3B), the frequency-
response analysis revealed a clear difference in high-frequency signal modulation by DA
and NE at lateral TA-CA1 synapses. We also examined frequency-dependent signal
transmission at medial TA-CA1 synapses and found that neither DA nor NE influences the
transmission of 5–100 Hz signals at these synapses (Supporting Information Fig. 5).

Selective Influence of DA or NE on LTP at Medial and Lateral TA-CA1 Synapses
The above differences in frequency-response modulation between NE and DA may
influence synaptic plasticity induction, due to the differential handling of high frequency
signals like those commonly used to elicit long-term potentiation (LTP) (e.g., 100 Hz). We
tested this idea by recording from lateral TA-CA1 synapses (Fig. 6). The application of
high-frequency (100 Hz) stimulation induced LTP of a modest magnitude at these synapses
(control: 112% ± 3%, mean percent of baseline 55–60 min after LTP induction). On the
other hand, slices exposed to DA exhibited LTP of a greater magnitude, as we previously
reported (Ito and Schuman, 2007) (DA: 149% ± 4%; Fig. 6, upper right). On the contrary,
NE application did not enhance LTP magnitude, when compared with control (NE: 114% ±
3%; Fig. 6, lower right). This is predicted by the differences in high-frequency signal
modulation between DA and NE that we observed (Fig. 5). We also tested whether
neuromodulators influence LTP induction at medial TA-CA1 synapses, but neither DA nor
NE altered LTP magnitude at these synapses (control: 119% ± 3%, DA: 122% ± 3%, NE:
122% ± 3%; Fig. 6, left). Thus, neither DA nor NE influences the transmission of 5–100 Hz
signals (Supporting Information Fig. 5) or plasticity at medial TA-CA1 synapses. In
contrast, DA, but not NE, modulated synaptic plasticity at lateral TA-CA1 synapses.

Although the above LTP experiments were done in the continuous presence of
neuromodulators, we also determined whether an acute application of neuromodulators is
sufficient to influence synaptic plasticity. An application of DA or NE at 10 s before the
LTP induction still differentially controlled the LTP magnitude at lateral TA-CA1 synapses
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(Ito and Schuman, 2007; Supporting Information Fig. 6A), suggesting that a phasic release
of neuromodulators in vivo could control synaptic plasticity at these synapses.

Clozapine Reduces Novelty-Induced Differential Activation of Distal and Proximal CA1
Our slice electrophysiology results suggest that neuromodulators primarily modulate
synaptic transmission at lateral TA-CA1 synapses, raising the possibility that the novelty-
induced enhancement of c-fos transcription is mediated by this influence. Thus, we asked
whether an antagonist of neuromodulators influences the differential c-Fos expression along
the transverse-axis of area CA1 observed in our behavioral experiments (Fig. 1). To test this,
we examined c-Fos expression in animals treated with a broad spectrum receptor antagonist
that blocks both DA and NE-mediated signaling, clozapine (Baldessarini and Frankenburg,
1991), before novelty exposure. We housed pairs of animals in the same cage for a baseline
period of several days. Then, either saline or clozapine (10 mg/kg) was injected
intraperitoneally in each animal. After 4 h, novel objects were placed in the home cage
(novel object exposure), or both animals were transferred to a new cage (novel place
exposure). In these experiments, the saline-treated animals still showed a differential c-Fos
expression between proximal and distal CA1 following novel object or place exposure as
observed in Figure 1 (Fig. 7). Clozapine-treatment at this dosage did not cause any apparent
differences in animal mobility or novelty preference (Supporting Information Figs. 7D,E).
We found, however, that clozapine-treatment caused a significant reduction in the global c-
Fos expression in the hippocampus (c-Fos positive cells in the hippocampus: saline 52.4 ±
3.1, clozapine 38.6 ± 1.8; P = 0.001 in Wilcoxon rank sum test; Supporting Information Fig.
7A), consistent with previous studies, suggesting that DA plays an important role in novelty-
induced hippocampal activation (Lisman and Grace, 2005). But more importantly, clozapine
treatment appeared to have differential effects on c-Fos expression depending on whether
the animals were exposed to novel objects or place. At distal CA1, c-Fos expression after the
novel object exposure was significantly reduced by clozapine-treatment (c-Fos positive cells
in distal CA1: saline 19.1 ± 1.7, clozapine 6.8 ± 1.1; P = 0.0001 in Wilcoxon rank sum test);
however, c-Fos expression after novel place exposure did not show a significant decrease in
clozapine-treated animals (c-Fos positive cells in distal CA1: saline 14.0 ± 1.5, clozapine
10.6 ± 0.8; P = 0.14 in Wilcoxon rank sum test) (Figs. 7B,C). These results imply that
neuromodulators are more crucial for encoding information about objects than place in area
CA1. Furthermore, because clozapine largely abolished the difference in c-Fos expression
between proximal and distal CA1, neuromodulators are likely to play a key role in the
differential activation of pyramidal neurons along the transverse-axis of area CA1, probably
via largely selective modulation of LEC inputs.

DISCUSSION
Roles of the TA Pathway

Hippocampal area CA1 receives two major excitatory inputs, one from area CA3 (the SC
pathway) and the other from the EC (the TA pathway). For many years, efforts to
understand TA-CA1 synapses were dwarfed by studies of the SC input. Many recent studies,
however, have elucidated the significance of this input. For example, in recordings from
hippocampal slices, precisely timed TA inputs are critical for controlling dendritic signal
propagation and synaptic plasticity at SC-CA1 synapses (Levy et al., 1998; Dvorak-Carbone
and Schuman, 1999; Remondes and Schuman, 2002; Ang et al., 2005; Jarsky et al., 2005;
Dudman et al., 2007). Furthermore, in behaving animals, the TA pathway appears to play a
key role in particular hippocampal functions. For example, even after the lesions of SC
inputs, CA1 neurons still show location-specific activities, and animals maintain spatial
recognition memory (Brun et al., 2002). In addition, the TA pathway is essential for memory
consolidation (Remondes and Schuman, 2004). On the other hand, the SC pathway is likely
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to be necessary for remote navigation memory or one-time contextual learning (Brun et al.,
2002; Nakashiba et al., 2008). Thus, each pathway may play a distinct role in animal
behavior and learning.

Because the TA pathway itself can maintain at least one form of spatial recognition memory,
the interaction between the EC and area CA1 may be sufficient to carry out certain
hippocampal functions. In support of this idea, reciprocal anatomical interactions between
the EC and area CA1 have been described (Tamamaki and Nojyo, 1995). Neurons in
proximal CA1, which receive MEC inputs via the TA pathway, send their projections back
primarily to the MEC; on the other hand, neurons in distal CA1, which receive LEC inputs,
project their efferents back to the LEC. Thus, two distinct TA-pathway-mediated
information trajectories exist between the EC and area CA1; that is, MEC—proximal CA1
—MEC and LEC—distal CA1—LEC. These functional loops could allow for the
independent processing of spatial and nonspatial information. Our c-Fos expression analysis
in the MEC and LEC indeed supports this idea, because both layer III (send afferents to area
CA1) and layer V/VI (receive efferents from area CA1) neurons in the MEC and LEC show
differential c-Fos expression (as observed in proximal and distal CA1), following novel
object or place exposure (Supporting Information Figs. 1D,E). Thus, the EC-CA1 loop
circuit allows for the differential handling of nonspatial and spatial information in the
hippocampus (Witter et al., 2000; Eichenbaum and Lipton, 2008), which is in clear contrast
to the trisynaptic circuit (Andersen et al., 1969) (i.e., EC—DG—CA3—CA1).

Differential c-Fos Expression in the Transverse-Axis of Area CA1
We demonstrated that exposure to a novel place induces high levels of c-Fos expression in
both proximal and distal CA1, whereas novel object exposure primarily activates distal CA1
(Fig. 1). The c-Fos, an immediate early gene, requires a threshold level of activity for its
transcription (Cole et al., 1989; Guzowski et al., 2005). In the hippocampus, the induction of
c-Fos expression requires multiple trains of high-frequency stimulation, like that used to
elicit LTP (Worley et al., 1993) and the deletion of the c-Fos gene impairs LTP
(Fleischmann et al., 2003). Thus, the c-Fos positive cells in our study are not simply active
cells, but rather the cells that received inputs at the appropriate intensity or frequency to
trigger c-fos transcription and synaptic plasticity. The expression of c-Fos protein levels rise
and reach a peak around 30 min to 1 h after the appropriate stimulus, and the half-life of c-
Fos protein is about 2 h (Morgan and Curran, 1991). Our behavioral protocol was designed
to detect changes in c-Fos expression associated with synaptic modifications that occurred
during the 2-h exposure to stimulus novelty. Thus, the differential c-Fos expression between
proximal and distal CA1 (Fig. 1) is likely to be a result of differential synaptic plasticity
induction between these areas, which is controlled by proper coordination between SC- and
TA-CA1 synapses (Remondes and Schuman, 2002; Ito and Schuman, 2007).

Our observation of the differential c-Fos expression between proximal and distal CA1
corresponds to anatomical projections from the MEC (spatial information) and the LEC
(nonspatial information). These results, together with previous studies on c-Fos expression
analysis in perirhinal and postrhinal cortexes (Wan et al., 1999; Vann et al., 2000), support
the idea of two streams of information to the hippocampus (Manns and Eichenbaum, 2006).
It is important to note that the exposure to novel objects or place does not simply correspond
to a manipulation of either nonspatial or spatial information alone, because object
recognition requires information about both the identity and location of the object, and the
encoding of a novel place also requires both spatial and nonspatial information (e.g., novel
wood-chip flooring or odor of the environment). We indeed observed strong c-Fos
expression in both proximal and distal CA1 following novel place exposure, which probably
results from the integration of nonspatial and spatial information to encode a new
environment. The inputs from CA3 neurons (SC pathway) will also influence c-Fos
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expression in CA1 neurons. Recent in vivo recording studies indicate that the place-fields of
CA3 neurons show differential place-field remapping, depending on the type of
environmental manipulation (i.e., rate vs. global remapping) [see Colgin et al. (2008) for
review]. According to this idea, exposure to a novel place will likely change the peak-firing
location of CA3 neurons (i.e., global remapping), but exposure to a novel object will not.
The changes in the peak-firing location of CA3 neurons will generate different temporal
patterns of SC inputs, which may induce synaptic plasticity in both proximal and distal CA1
neurons via spike-timing-dependent mechanism [see Dan and Poo (2004) for review]. Here,
in contrast to the TA pathway, the SC pathway is likely to provide a similar impact on both
proximal and distal CA1 without differential modulation by DA or NE (Supporting
Information Fig. 3A). Irrespective of the interpretation, our findings support the idea that
new information is differentially encoded along the transverse-axis of area CA1 depending
on the type of stimulus novelty.

Neuromodulators in the Hippocampus
A number of studies have indicated key roles for neuromodulators in hippocampal function
(Hasselmo, 1995; Harley, 2004; Lisman and Grace, 2005). How neuromodulators exactly
influence information processing is, however, unclear. Here, we demonstrated the dynamic
influence of neuromodulators, DA and NE, on synaptic transmission at entorhinal–
hippocampal connections. The neuromodulator-mediated effect on synaptic transmission
and plasticity at these synapses specifically requires an exogenous application of
neuromodulators (in μM range) (Supporting Information Fig. 6), although several studies
have demonstrated the action of endogenous DA in acute hippocampal slices (Frey et al.,
1990; Otmakhova and Lisman, 1996). It is important to note that DA-mediated signaling in
the brain is not a simple on/off binary switch, but rather, DA concentration is dynamically
regulated to various levels by the activity of dopaminergic neurons (e.g., tonic or phasic
activation) (Grace, 1991). Indeed, microdialysis and voltametry studies show that there is
residual DA in resting animals (in nM range) and that the concentration increases
dramatically (to μM range) after animals are exposed to novel stimuli or following electrical
stimulation of dopaminergic neurons (e.g., Garris et al., 1997; Ihalainen et al., 1999; Chen
and Budygin, 2007). In addition, each subtype of DA receptor has a different affinity for DA
(Gingrich and Caron, 1993). Thus, a phasic surge in DA concentration in vivo will influence
a different subset of DA receptors, producing distinct modulatory actions.

The neuromodulators, DA and NE, primarily influence inputs from the LEC at both TA-
CA1 and PP-DG synapses, in spite of the differences in neuronal morphology (Canto et al.,
2008), presynaptic protein expression (Supporting Information Fig. 2), and PPF ratios (Fig.
2) between layer II (send axons to the DG) and III (send axons to area CA1) neurons in the
EC. This implies that neuromodulator-mediated influence on the entorhinal–hippocampal
connections might be based on the information-modality. We note here that we observed a
different pattern of neuromodulator-mediated control in the mouse (C57BL/6J)
hippocampus, where both DA and NE elicit significantly larger depression at medial than
lateral TA-CA1 synapses (Ito et al., 2010). This modulatory difference in medial, and lateral
TA-CA1 synapses implies a functional difference of the TA pathway between rat and mouse
brain, which may explain the distinct behavioral deficits observed after the lesion/
inactivation of SC-CA1 inputs in rat or mouse studies (Brun et al., 2002; Nakashiba et al.,
2008).

In distal CA1, we previously demonstrated DA-induced disinhibition that reduces TA-
pathway-mediated excitation of interneurons, resulting in frequency-dependent signal
modulation as well as the enhancement of LTP at both TA- and SC-CA1 synapses (Ito and
Schuman, 2007). The TA-pathway stimulation is known to evoke strong inhibitory
responses in CA1 pyramidal neurons in slices (Empson and Heinemann, 1995; Dvorak-
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Carbone and Schuman, 1999); thus, disinhibition in this pathway will have a great impact on
area CA1 output.

The EC, the origin of the TA pathway, is a major source of theta (4–12 Hz) and gamma (40–
100 Hz) oscillatory activities (Chrobak et al., 2000); thus, the frequency-dependent effects,
we observed, are predicted to modulate information flow in the circuit. We demonstrated the
differential modulation of frequency-dependent signal transmission between DA and NE at
lateral TA-CA1 synapses. Although both DA and NE similarly depressed low-frequency
signals, only DA enhanced high-frequency signal transmission when compared with control.
Thus, DA and NE may differentially gate a high-frequency range of oscillatory activities
(e.g., gamma oscillations) in vivo.

We showed that the receptor antagonist clozapine abolished the differential c-Fos expression
between proximal and distal CA1 observed following novel object or place exposure (Fig.
7), indicating the importance of neuromodulatory control in this circuit. We further observed
a differential clozapine-sensitivity of c-Fos activation in distal CA1, depending on whether
animals are exposed to novel objects or place (Fig. 7), which suggests that the hippocampus
may use distinct encoding modes, with one mode being more neuromodulator-sensitive than
the other. The main sites of clozapine’s action in our study are not clear, because it was
administered systemically. We did not observe, however, a differential clozapine-sensitivity
in proximal CA1 or CA3 between novel object and place exposure (Supporting Information
Fig. 7A). Because neuromodulators primarily influence lateral TA-CA1 synapses in area
CA1, these data are consistent with the idea that neuromodulators may allow differential
encoding of nonspatial information in the hippocampus by controlling LEC inputs.

The hippocampus and its associated medial temporal lobe structures are thought to represent
information about the environmental context (Myers and Gluck, 1994; Clark and Martin,
2005; Smith and Mizumori, 2006). To acquire such a representation, individual sensory
inputs must be associated with the spatial geometry of the environment. Our data
demonstrate that neuromodulators differentially control spatial and nonspatial information
flow in entorhinal–hippocampal connections, which reveals a clear functional division along
the transverse-axis of area CA1, emphasizing the importance of the EC-CA1 circuit. The
differential gating of spatial and nonspatial information will extend the capacity of the
hippocampus with optimal registering of new information in the circuit, allowing animals a
more flexible adaptation to various changes in the environmental context.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Differential c-Fos expression between proximal and distal CA1 after exposure to a novel
object or place. (A) Pairs of animals were individually housed in a home cage for at least 2
days. For the experimental animal, the cage was opened, and three toys were placed inside
(“EXP”). For the control animal, the cage was opened, but no object was inserted (“CON”).
After 2 h, hippocampal slices were prepared from both animals, fixed, and immunostained
with c-Fos and NeuN antibodies. c-Fos particles were detected and analyzed (see Methods
section). Representative images show the pyramidal layer of area CA1 of “EXP” and
“CON” animals (straightened by ImageJ; scale bar = 100 μm). (B) A pair of animals was
individually housed in a home cage for at least 2 days. For one of animals, the cage was
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opened, and the animal was carried up and placed in a different cage (“EXP”). For another
animal, the cage was opened, and the animals were carried up but placed back in the original
cage (“CON”). After 2 h, slices were prepared and immunstained as in (A). Images shown
are from the pyramidal layer of area CA1 of “EXP” and “CON” animals (straightened by
ImageJ; scale bar = 100 μm). (C) The number of c-Fos positive cells was analyzed in the
pyramidal layer of area CA1 in each 50 μm slice. Area CA1 was equally divided into two
parts, representing distal and proximal CA1. The number of c-Fos positive cells was
significantly higher in distal CA1 following exposure to novel objects, when compared with
proximal CA1 (P = 0.0001 in Wilcoxon rank sum test; n = 6 pairs of animals). The total
integrated NeuN signal in same areas used for c-Fos expression analysis did not differ
between groups (Supporting Information Fig. 1B). D: The number of c-Fos positive cells
was analyzed in the pyramidal layer of area CA1 in each slice. The number of c-Fos positive
cells was high in both distal and proximal CA1 following exposure to a novel place (n = 6
pairs of animals). The total integrated NeuN signals in same areas used for c-Fos expression
analysis did not differ between groups (Supporting Information Fig. 1B). For the analysis of
novelty-induced c-Fos expression, a two-way ANOVA was performed with two variables,
novelty type (object vs. place) and CA1 subregion (distal vs. proximal), and revealed a
significant interaction (P = 0.0008).
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FIGURE 2.
Differences in paired-pulse facilitation between LEC and MEC synapses. (A) Whole-cell
voltage-clamp recordings from pyramidal neurons in proximal or distal CA1 under blockade
of fast inhibitory transmission (bicuculline; 10 μM). Internal pipette solution contained
QX314 (5 mM), TEA (10 mM), and 4AP (1 mM) to block voltage-gated sodium and
potassium channels. A paired-stimulus was applied, and paired pulse facilitation was
quantified at medial and lateral TA-CA1 synapses (second/first EPSC amplitudes,
interstimulus interval: 50 ms) (scale bar = 20 ms). Right figure represents data from
individual experiments (gray circles) and the mean (black diamonds) (n = 7 for each) (*P <
0.05). (B) Whole-cell voltage-clamp recordings from granule cells in the DG. Recording
conditions were same as in (A). A paired-stimulus was applied to either medial or lateral PP
and paired pulse facilitation was quantified (second/first EPSC amplitudes, interstimulus
interval: 50 ms) (scale bar = 20 ms). Right figure represents data from individual
experiments (gray circles) and the mean (black diamonds) (n = 13 for each) (*P < 0.05).
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FIGURE 3.
Differential modulation of LEC inputs by DA and NE in two different hippocampal
pathways. (A) Scheme of entorhinal cortical inputs to SLM of area CA1. MEC inputs
primarily make synapses at the proximal (relative to CA3) CA1 SLM (medial TA pathway),
but LEC inputs are enriched in the distal CA1 SLM (lateral TA pathway). Appropriate
positioning of recording electrode in either proximal or distal parts of CA1 SLM allows the
measurement of synaptic responses derived from each input (see Methods section). Two
stimulating electrodes were positioned, so that the distance between stimulating and
recording electrodes was equal for each input. Representative waveforms show field
potentials in proximal and distal SLM after the stimulation of TA axons by each stimulating
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electrode (scale bar = 0.1 mV and 5 ms). (B) Either DA (20 μM) or NE (10 μM) application
caused a large depression of the field EPSP resulting from lateral, but not medial TA-CA1
synapses (DA: n = 7; NE: n = 5). Field EPSP waveforms before (black) and after (gray) DA
or NE application are shown (scale bar = 0.1 mV and 5 ms). (C) Scheme of entorhinal
cortical inputs to the molecular layer of DG. LEC inputs make synapses in the outer
molecular layer (OML; lateral PP), but MEC inputs project the middle molecular layer
(MML; medial PP). Appropriate positioning of stimulating and recording electrodes allows
the measurement of synaptic responses from each pathway. Pathway selectivity was further
confirmed by sink-source waveform analysis of field potentials. Representative field
potentials depict negative-going potentials in MML and positive-going potentials in the
OML in response to medial PP stimulation. On the other hand, lateral PP stimulation
induces a negative-going potential in the OML and a positive-going potential in the MML
(scale bar = 0.1 mV and 5 ms). (D) Either DA or NE application induced large synaptic
depression at the lateral PP–DG, but not in medial PP-DG synapse (DA: n = 6; NE: n = 5).
Field EPSP waveforms before (black) and after (gray) DA or NE application are shown
(scale bar = 0.1 mV and 5 ms).
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FIGURE 4.
DA and NE induce presynaptic inhibition of LEC inputs. (A) Whole-cell voltage-clamp
recordings from pyramidal neurons in distal CA1 under blockade of fast inhibitory
transmission (bicuculline; 10 μM; n = 5). Internal pipette solution contained QX314 (5
mM), TEA (10 mM), and 4AP (1 mM) to block voltage-gated sodium and potassium
channels. NE application significantly depressed the EPSC evoked by lateral TA-CA1
synapses and enhanced paired pulse facilitation (second/first EPSC amplitudes
(interstimulus interval: 50 ms). EPSC waveforms before (black) and after (gray) NE
application are shown (scale bar = 20 pA and 10 ms) (*P < 0.05). (B) Whole-cell voltage-
clamp recordings from granule cells in the DG. Recording conditions were same as in (A).
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NE application significantly depressed the lateral, but not medial PP inputs (n = 6). DA
application also selectively depressed lateral PP inputs (n = 7). EPSC waveforms of before
(black) and after DA or NE application (gray) are shown (scale bar = 20 pA and 10 ms). (C)
NE application selectively enhanced paired pulse facilitation at lateral PP synapses
(interstimulus interval: 50 ms) (gray: individual experiment, black: average). EPSC
waveforms before (black) and after (gray) NE application are shown (scale bar = 20 ms) (*P
< 0.05). (D) DA application selectively enhanced paired pulse facilitation at lateral PP
synapses (interstimulus interval: 50 ms) (gray: individual experiment, black: average). EPSC
waveforms before (black) and after (gray) DA application are shown (scale bar = 20 ms) (*P
< 0.05).

Ito and Schuman Page 24

Hippocampus. Author manuscript; available in PMC 2013 April 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 5.
Differences in DA or NE elicited frequency dependent modulation at lateral TA-CA1
synapses. (A) Normalized peak field potentials (at each pulse of a 100-pulse stimulation
epoch) at frequencies ranging from 5 to 100 Hz. All experiments were conducted at near
physiological temperature (32–34°C). Field potentials were normalized to the baseline
fEPSP amplitude before neuromodulator application (from 5 to 100 Hz, n = 6, 5, 6, 7, and 8
for control; n = 7, 5, 5, 5, and 8 for DA; n = 6, 4, 4, 4, and 7 for NE). (B) Analysis of
normalized peak field potentials at the 100th pulse. Both DA and NE depressed responses
during low-frequency stimulation, but only DA enhanced responses during high-frequency
stimulation (HFS) when compared with control.
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FIGURE 6.
Differential influence of DA or NE on LTP induction at TA-CA1 synapses. LTP was
induced at medial or lateral TA-CA1 synapses. Neuromodulators were present throughout
the experiments. Before the experiments, the stimulation amplitude was adjusted to obtain
equivalent fEPSP slope as original baselines to examine the LTP magnitude independent of
the depression of basal synaptic transmission by neuromodulators. The LTP induction
protocol was 100 pulses at 100 Hz, repeated twice at a 30-s interval (n = 5 for each
experimental group). Field EPSP waveforms before (black) and after (gray) NE or DA
application are shown (scale bar = 0.1 mV and 5 ms) (*P < 0.05).
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FIGURE 7.
A neuromodulatory receptor antagonist prevents the enhanced c-fos immunostaining
observed at distal CA1 following novel object exposure. (A) Pairs of animals were housed in
the same home cage for at least 2 days. Then, either saline or clozapine (10 mg/kg) was
intraperitoneally injected in each animal. After 4 h, both animals were exposed to either
novel objects or novel place, as described in the Figure 1 legend. After 2 h, slices were
prepared and stained as previously described. Images shown are from the pyramidal layer of
area CA1 of saline-treated and clozapine-treated animals (straightened by ImageJ; scale bar
= 100 μm). (B) The number of c-Fos positive cells after novel object exposure was analyzed
in area CA1 as described in Figure 1. The total integrated NeuN signals in same areas used
for c-Fos expression analysis did not differ between groups (Supporting Information Fig.
7B). The number of c-Fos positive cells at distal CA1 was significantly reduced by
clozapine-treatment (P = 0.001 in Wilcoxon rank sum test; n = 6 pairs of animals). (C) The
number of c-Fos positive cells after novel place exposure was analyzed in area CA1. The
total integrated NeuN signals in same areas used for c-Fos expression analysis did not differ
between groups (Supporting Information Fig. 7B). The saline-treated animals displayed
differential c-Fos expression between proximal and distal CA1 following novel object or
place exposure as observed in Figure 1 (a two-way ANOVA interaction: P = 0.0007; n = 7
pairs of animals for novel place exposure experiments). The number of c-Fos positive cells
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at distal CA1 did not show a significant decrease with clozapine-treatment (P = 0.14 in
Wilcoxon rank sum test). For the comparison of c-Fos expression in distal CA1 after novel
object and place exposure, a two-way ANOVA was performed with the two variables,
novelty type (object vs. place) and drug treatment (saline vs. clozapine), showing a
significant interaction (P = 0.0015).
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