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ABSTRACT
Mechanisms Mediating Local Generation of Theta-Frequency EEG Activity in the
Superficial Layers of the Parasubiculum
Stephen D. Glasgow
The parasubiculum is a major component of the subicular complex, and plays an

integral role in the retrohippocampal circuitry. It receives numerous inputs from the
hippocampus, medial septum, thalamus, and other subcortical areas, and sends its major
output projection to the layer II of the medial entorhinal cortex. Theta-frequency EEG
activity (4-12 Hz) is a sinusoidal-like waveform, and has been correlated with numerous
cognitive processes. The present studies were aimed at determining whether the
superficial layers of the parasubiculum generate theta-frequency EEG activity locally,
and whether membrane potential oscillations in parasubicular neurons may contribute to
the generation of theta activity in this area. In the urethane-anaesthetized rat,
cholinergically-mediated theta activity was recorded as a bipolar electrode passed
through the superficial layers of the parasubiculum, and the theta activity was phase-
locked to theta activity recorded in the stratum radiatum/lacunosum-moleculare of the
hippocampal CA1 region. Using whole-cell current-clamp recordings in acute brain
slices, voltage-dependent theta-frequency membrane potential oscillations were observed
in the majority of layer II parasubicular neurons when the cells were held near threshold
voltages using steady current injection. The frequency of oscillations increased when the
cells were heated from 22°C to 32°C, and persisted in the presence of blockers of fast
ionotropic glutamatergic and GABAergic synaptic transmission. The oscillations are

therefore likely generated intrinsically by voltage-dependent ionic conductances. These

1l



results suggest that the superficial layers of the parasubiculum locally generate theta-
frequency EEG activity, and that voltage-dependent membrane potential oscillations may

contribute to the generation of this activity in vivo.
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INTRODUCTION

The parasubiculum (PaS) is a major component of the hippocampal formation,
and may play a substantial role in spatial navigation and formation of place cell
representations (Hargreaves, Rao, Lee, & Knierim, 2005; Taube, 1995b). It receives
major inputs from the hippocampus and medial septum with weaker inputs from the
subiculum, basolateral amygdala, and anterior thalamus, and it sends its major output to
layer II of the entorhinal cortex (EC) (Figure 1; Amaral & Witter, 1989; Caballero-Bleda
& Witter, 1993, 1994; Funahashi & Stewart, 1997a; Swanson & Cowan, 1979;
Wouterlood, Saldana, & Witter, 1990). Layer II of the EC carries the major cortical input
to the dentate gyrus and CA3 region of the hippocampus, and the presence of major
parasubicular inputs to layer II of the EC suggests that the PaS may affect processing of
sensory and spatial information in the limbic system (Alonso & Garcia-Austt, 1987a;
Dickson, Trepel, & Bland, 1994; Hafting, Fyhn, Molden, Moser, & Moser, 2005).
Activation of parasubicular efferents to the EC can enhance or suppress responses of the
EC to inputs from the piriform cortex, indicating that the PaS may also play a major role
in modifying cortical sensory information that arrives in layer II (Caruana & Chapman,
2004). The facilitation or suppression of entorhinal responses by the PaS is strongly
time-dependent, and responses in the EC are facilitated if the PaS is stimulated 20-150
ms prior to piriform stimulation. This finding suggests that synchronized rhythmic
activity in the PaS may contribute to facilitation of synaptic responses in the EC. In order
to fully understand the role of the PaS modulating the input of sensory information to the
hippocampal formation, it is essential to understand the cellular and network mechanisms

which contribute to the interaction of the PaS with other brain regions during



endogenous, synchronous neuronal population activities such as theta-frequency EEG
activity (Bland & Oddie, 2001; Bland, Oddie, & Colom, 1999; Bonansco & Buno, 2003;
Buzsaki, 2002; Buzsaki, Leung, & Vanderwolf, 1983; Kramis & Vanderwolf, 1980; L. S.
Leung, 1998; Petsche, Stumpf, & Gogolak, 1962; Robinson, 1980). The objective of the
present studies was to determine if theta-frequency EEG activity was generated in the
superficial layers of the PaS, and to assess whether membrane potential oscillations
contribute to the generation of theta in the PaS.

Hippocampal theta-frequency activity is the most prominent EEG waveform in
the mammalian limbic system. The hippocampal theta rhythm is a large-amplitude,
sinusoidal-like waveform (4-12 Hz) that represents synchronized neural activity, and that
involves numerous brainstem, hippocampal and retrohippocampal areas (Bland & Oddie,
2001; Buzsaki, 2002; Green & Arduini, 1954). The firing of many of the neurons in the
hippocampal formation is paced by theta oscillations, suggesting that theta activity is
important for the coordination of synaptic activity (Buzsaki, Leung, & Vanderwolf, 1983;
Kramis, Vanderwolf, & Bland, 1975; L. W. Leung & Buzsaki, 1983). It has been linked
to various computational processes such as memory formation, sensorimotor integration,
and spatial navigation (Bland, 1986; Buzsaki, 2005; Cacucci, Lever, Wills, Burgess, &
O'Keefe, 2004; Hasselmo, 2005), and it has been correlated with active navigational
states in humans, such as maze-solving (Caplan et al., 2003). Synchronization of
neuronal activity during theta activity is believed to play a critical role in regulating
synaptic integration within the hippocampal formation by generating alternating states of
depolarization and hyperpolarization. This can also impact on the induction of lasting

changes in synaptic strength. For example, synaptic activation during the depolarizing or



hyperpolarizing phases of the theta rhythm can lead to lasting potentiation and depression
of synaptic inputs, respectively (Buzsaki, 2002; Huerta & Lisman, 1993; Hyman, Wyble,
Goyal, Rossi, & Hasselmo, 2003; Judge & Hasselmo, 2004). This may provide a
mechanism for promoting synaptic changes related to learning and memory.

The EC and the hippocampus expresses robust theta activity in both in vivo and in
vitro preparations that is generated by a number of network and cellular mechanisms
(Alonso & Garcia-Austt, 1987a, 1987b; Alonso & Llinas, 1989; Bland, Colom,
Konopacki, & Roth, 1988; L. W. Leung & Yim, 1991; Mitchell & Ranck, 1980). The
superficial layers of the EC receive inputs from sensory cortices and project to the dentate
gyrus and CA3 of the hippocampus, and these inputs may contribute to the
synchronization of theta activity in the hippocampus (L. S. Leung, Roth, & Canning,
1995; L. S. Leung & Shen, 2004; Vanderwolf, Leung, & Cooley, 1985; Wu & Leung,
1998). Theta-frequency activity in the hippocampus is also mediated, in part, by
cholinergic and y-amino-butyric acid (GABA)-ergic inputs from the medial septum
(Dickson, Trepel, & Bland, 1994). In addition to inputs from the septum, theta in the EC
and hippocampus is also generated by membrane potential oscillations. When
depolarized to near threshold levels by either depolarizing current or application of the
cholinergic agonist, carbachol, oscillations in membrane potential occur in many cells of

the hippocampus. The oscillations appear to be dependent on an interaction between a
persistent sodium current (/) and a delayed potassium current (/;), which is sufficient

to generate theta-frequency membrane potential oscillations (Chapman & Lacaille,
1999a, 1999b; Dickson & Alonso, 1997; Klink & Alonso, 1993, 1997). Other reports

show that voltage-dependent theta-frequency membrane potential oscillations in layer II



cells of the EC are the result of an interplay between the persistent sodium current (/ Nap)

in the depolarizing direction, and the rhythmic and time-dependent activation and
deactivation of the inward rectifying nonspecific cation current (Z;) (Dickson et al.,
2000). Reactivation of this inward current by depolarization induces the hyperpolarizing
phase of each oscillation. The resulting oscillations in individual neurons at near-
threshold voltage levels may help generate theta-frequency population activities, and
promote rhythmic depolarization that paces cell firing at theta-frequency (Engel, Fries, &
Singer, 2001).

Although the PaS receives cholinergic inputs from the septum and is tightly
linked to other structures in the hippocampal formation that display theta-frequency
activity, whether theta-frequency EEG activity is generated locally by PaS cells is
unknown. While cells that fire in relation to the phase of local theta activity have been
previously reported in the PaS (Cacucci, Lever, Wills, Burgess, & O'Keefe, 2004; Taube,
1995b), and anatomical studies have reported extensive connections with brain structures
associated with theta activity (Amaral & Witter, 1995; Caballero-Bleda & Witter, 1993,
1994; van Groen & Wyss, 1990b), theta activity has yet to be definitively localized to
either the superficial or deep layers. The present studies have determined that theta-
frequency EEG activity is generated locally within the superficial layers of the PaS in the
urethane-anesthetized rat, and that it is dependent on activation of muscarinic cholinergic
receptors. In order to determine whether the theta activity may be due in part to intrinsic
membrane oscillations in superficial cells, whole-cell current clamp recordings in acute
brain slices were used to record membrane potential in layer II cells of the PaS. Varying

membrane potential with constant current injection was used to assess the voltage-



dependence of the membrane potential oscillations, and the role of synaptic inputs was
assessed by pharmacological blockade of ionotropic glutamate and GABAergic receptors.
Theta-frequency EEG activity was found to be generated locally in the superficial layers
of the PaS, and intrinsic membrane potential oscillations are likely to contribute to the

production of this activity.



METHODS
Recordings from Anesthetized Animals

Surgery. Data were obtained from seven male Long-Evans hooded rats (300 —
500g; Charles River, Montréal, Canada). Recording were also obtained from three
additional rats that had electrodes pass either rostral or caudal to the PaS, however theta-
frequency EEG activity was not observed in these cases (data not shown). The animals
were anesthetized with an oxygen/isoflurane (98.5%/1.5% concentration) mixture in
order to insert a cannula into the jugular vein. The rat was switched to anesthesia using
urethane (0.8 g/ml, i.v.; Sigma, St. Louis, MO, USA), which allowed for the fine
regulation of level of anesthesia for the remainder of the experimental procedures. A
digital rectal thermometer was used to monitor body temperature, which was maintained
at 36-37°C with a heating lamp throughout the experiment.

Animals were prepared for stereotaxic surgery in a standard manner. The rat was
secured in a grounded Kopf stereotaxic apparatus (David Kopf Instr., Tujunga, CA) , and
bregma and lambda were leveled. A stainless-steel jeweler’s screw was placed in the
right frontal bone as a reference electrode. A monopolar recording electrode made from
Teflon-coated stainless-steel wire was placed in the CA1 region of the hippocampus (P,
4.5 mm; L, 3.0 mm relative to Bregma; and V, 2.1-2.7 mm from dural surface; Paxinos
and Watson, 1998). The final depth was determined by maximizing the amplitude and
clarity of theta-frequency activity (Bland, Anderson, & Ganes, 1975; Robinson, 1980).
To obtain recordings from the PaS, a small opening was drilled in the side of the skull to
allow the recording electrode to enter the brain at an angle of 30° above horizontal.

Mineral oil was applied to the exposed dura. Differential recordings from a bipolar



electrode were used to minimize the impact of volume-conducted activity from the
hippocampal formation on recordings of parasubicular EEG. The electrode was

constructed from two insulated tungsten electrodes (10-50 um tip diameter; FHC,

Bowdoinham, ME) with one tip staggered 500-700 pm back from the other. The active,
leading tip of the electrode was aimed at the surface of the PaS at a point 1.0 mm anterior
from the interaural line, 3.8 mm from midline, and 5.0 mm above the interaural line
(Caballero-Bleda & Witter, 1993; Paxinos & Watson, 1998). The bipolar recording
electrode was aimed at this target and placed 2 mm away from target to begin recordings.

Depth profile recordings. Recordings were obtained from the bipolar electrode in

100 pm increments as it was moved along a 4 to 5 mm track using an oil-hydraulic
manipulator (Narishige, MO-10). Each recording began with an initial five-second
baseline period without theta activity in the hippocampus, followed by a tail-pinch to
induce five-second period of theta-frequency EEG activity. Field activity was recorded
simultaneously in the hippocampus and PaS, and was analog filtered (0.1 Hz to 10 kHz
passband), amplified (x1000; A-M Systems, Model 1700), and monitored using a digital
oscilloscope. Recordings were digitized at 20 kHz (12-bit) and recorded to hard disk
using the software program Experimenter’s Workbench (Datawave Technologies,
Longhorn, CO).

Theta activity in the hippocampus and EC of urethane-anesthetized rats is
dependent on cholinergic receptors, and is disrupted by the systemic administration of the
non-selective muscarinic cholinergic antagonist atropine sulfate (Dickson, Trepel, &
Bland, 1994; Kramis, Vanderwolf, & Bland, 1975). To determine if parasubicular theta

is dependent on cholinergic inputs, atropine sulfate (Sigma; 10 mg/kg; (Natsume,



Hallworth, Szgatti, & Bland, 1999) was administered via the jugular cannula after the
depth profile was completed. Recordings were obtained before and after atropine
administration at the depth where maximal parasubicular theta was observed.

Histology. Upon completion of electrophysiological recordings, a cathodal
current (100 pA for eight seconds) was passed through the leading tip of the
parasubicular electrode to mark the tip locations at the depth of the PaS on the electrode
track. The animal was then deeply anesthetized with urethane, and perfused
transcardially with 0.9% saline followed by 10% formalin. Brains were stored in 10%
formalin (Sigma), and transferred to a 30% sucrose solution three days before sectioning.
Coronal sections (40 pm thick) were obtained and stained with cresyl violet (Sigma;
0.1%). Coronal sections containing hippocampal and parasubicular electrode tracks were
photographed using a Sony XC-77 video camera, a Scion LG-3 frame grabber, and Image
SXM (v1.6, S. D. Barrett, http://www.imageSXM.org.uk). Electrophysiological
recordings were matched to locations on the recording track using the location of the
target lesions. The thicknesses of cortical layers in the PaS were determined according to

the convention of Amaral and Witter (1995) and Funahashi and Stewart (1997b).

Data processing. All signals were analyzed off-line using the software package,
Origin 7.0 (OriginLab Corp., Northampton, MA). Two-second samples of EEG activity
were selected at each depth along the recording electrode track to construct profiles of
power of the locally-generated theta activity. Power profiles were constructed by
calculating the total power between 3.1 and 10.4 Hz at each depth. The absolute amount
of power in the EEG varied considerably across different animals, and theta-band power

in depth profiles was therefore plotted as a proportion of maximal theta-band power for



each animal. The phase relationship between theta activity recorded in the superficial
layers of the PaS and in the CA1 region was determined using cross-correlations of
simultaneously recorded two second EEG samples and by the phase of the cross spectrum
(Alonso & Garcia-Austt, 1987a). Because the phase of hippocampal theta depends on the
laminar position of the CA1 electrode (L. W. Leung, 1984), which varied across different
animals, the phase of the cross-spectrum was plotted as a function of the depth of the
hippocampal electrode.
In vitro slice recordings

Methods were similar to those reported previously (Chapman & Lacaille, 1999b),
and all chemicals were obtained from Sigma (St. Louis, MO).

Slice preparation. Acute brain slices were obtained from 4 to 6 week-old male

Long-Evans rats (Charles River, Montréal, QC). The animal was anesthetized with
halothane and decapitated. The brain was quickly removed from the skull, and
submerged in cold (4°C) artificial cerebrospinal fluid (ACSF) containing (in mM):

124 NaCl, 5 KCl, 1.25 NaH;POy4, 2 MgS0y4, 2 CaCl,, 26 NaHCO3, and 10 dextrose
saturated with 95% O, and 5% CO,. To isolate the hippocampal formation, the
cerebellum and frontal lobes were removed, and the brain was placed with the dorsal side
adhered to a vibratome pedestal using methylmethacrylate adhesive. The brain was
submerged in cold oxygenated ACSF, and horizontal brain slices (300 um) were taken.
Slices were allowed to recover for approximately one hour at room temperature, and
individual slices were transferred to a recording chamber and visualized with an upright
Leica DM-LFS light microscope (Leica Microsystems, Richmond Hill, ON) equipped

with a differential interference contrast optics (COHU, San Diego, CA) and a long-range
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water immersion objective (40x). Slices were superfused with oxygenated ACSF at room
temperature at a rate of 1.5-3 ml/min. The location of layer II cells of the PaS was
determined by using slice landmarks (ie. pial surface, angular bundle, and layer II of the
medial EC and presubiculum), similar to protocols used by Funahashi and Stewart
(1997b). The diffuse layer of disorganized cells that make up layer II of the PaS
distinguish it from the compact layer II cells of the MEC and the presubiculum (Amaral
& Witter, 1989; Funahashi & Stewart, 1997a, 1997b). Further, in contrast to deep layer
parasubicular neurons, medial EC cells and subicular cells, none of the cells recorded
here showed burst firing responses to current injection (Funahashi & Stewart, 1997a; R.
S. Jones & Heinemann, 1988; Stewart & Wong, 1993).

Whole cell recordings. Patch pipettes were prepared from borosilicate glass

(1.0mm OD, 5-10 MQ) using a horizontal puller (Sutter Instruments, P-97, Novato, CA),
and filled with a solution containing (in mM) 140 K-gluconate, 5 NaCl, 2 MgCl,, 10 N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 0.5 ethylene glyco-bis (B-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 2 ATP-Tris, and 0.4 GTP-Tris.
Electrodes were visually guided to contact the soma of layer II parasubicular neurons
during the application of gentle positive pressure. Tight seals (>1 GQ) were obtained
using voltage-clamp with gentle suction, and increasingly strong suction was applied
until whole cell configuration was established. Current clamp recordings were begun
after a 3-5 min period to allow for the intracellular fluid and electrode solution to
equilibrate. Membrane potential recordings (DC to10 kHz) were obtained with an
Axoclamp 200B amplifier (Axon Instruments, Foster City, CA), visualized on a digital

oscilloscope and digitized at 20 kHz (Axon Instruments, Digidata 1322A) for storage on
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computer hard-disk using Clampex 8.1 software (Axon Instruments). Recordings were
accepted if series resistance was <50 MQ, displayed overshooting action potentials, and
if the input resistance and resting membrane potential were stable. Series resistance was
monitored repeatedly throughout recordings.

The ionic conductances responsible for the generation of membrane potential
oscillations in the hippocampus and EC are voltage-dependent (Alonso & Klink, 1993;
Alonso & Llinas, 1989; Chapman & Lacaille, 1999b; Dickson et al., 2000; Klink &
Alonso, 1993). To determine if membrane potential oscillations in the superficial PaS are
voltage-dependent, five to ten second duration recordings of membrane potential in the
PaS were obtained at a range of voltages relative to the action potential threshold. The
membrane potential was altered by varying the amount of steady current injection.

Recordings were obtained routinely at 22° C in order to reduce metabolic
demands on the slices. However, to determine the frequency of MPOs in layer II cells of
the PaS at more physiological temperatures, the temperature of the recording bath was
increased to 32 + 0.5 °C in 11 cells. Bath temperature was regulated using an automated
temperature controller (Warner Instruments, Model TC-324B). Recordings at a range of
voltages relative to action potential threshold were obtained at each temperature.

To determine whether membrane potential oscillations in layer II cells require
synaptic input or are generated intrinsically, ionotropic glutamate receptors were blocked
using 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo(f)quinoxaline-7-sulfonamide disodium
(NBQX, 10 uM) and (+)-2-amino-5-phosphonopentanoic acid (AP-5, 50 uM), and
GABA 4 receptor-mediated synaptic transmission was blocked using bicuculline

methiodide (BIC, 10 uM). After control tests in normal ACSF, recordings were obtained
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at the same range of voltage levels after the application of pharmacological agents at
either room temperature (n = 5) or 32° C (n = 6) to assess the contribution of synaptic
inputs to the generation of membrane potential oscillations at both temperatures.

Data Analysis. Samples of membrane potential were prepared for spectral
analysis by reducing the effective sampling rate to 1 kHz, and isolating 2.048 s segments
of recording that contained no action potentials. The dominant frequency of the
membrane potential oscillations was calculated by computing the power spectra after
passing samples through a Blackman window (Clampfit 8.2, Axon Instruments). Cells
that failed to show a clear peak in the power spectrum were considered to be non-
oscillatory. Changes in the peak frequency of oscillations after drug application or
temperature manipulations were assessed using matched samples z-tests.

Electrophysiological characteristics of layer II parasubicular cells were analyzed
using the software program Clampfit 8.2 (Axon). Action potential height was measured
from resting membrane potential and action potential width was measured from action
potential threshold. Fast and medium afterhyperpolarizations were measured from action
potential threshold. Input resistance was calculated by measuring the peak voltage
response to a —200 pA current step (300 ms). Inward rectification was quantified by
expressing the peak input resistance as a proportion of the steady-state resistance
measured at the end of the negative current pulse (rectification ratio) (Chapman &

Lacaille, 1999b). Data were expressed as mean = SEM.
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RESULTS
Theta Activity in the Anesthetized Animal

Differential recordings from bipolar electrodes were used to localize theta activity
in the PaS of 7 urethane-anesthetized adult male rats. Monopolar recordings from the
individual tips of the bipolar electrode contained large-amplitude theta activity along the
entire electrode track that was phase-locked to theta activity in the CA1 region. Because
these monopolar recordings largely reflect volume conduction from the hippocampus,
only data from bipolar recordings are shown here. In 3 cases when the bipolar electrode
passed either rostral or caudal to the PaS, there was no theta-frequency activity recorded
(data not shown). Histological analysis revealed that, in cases in which theta-frequency
activity was recorded from the bipolar electrode, the electrodes passed through the PaS
(Figure 2B).

In all 7 animals, theta activity elicited by tail-pinch was observed in the CA1
region of the hippocampus. Local generation of theta activity in layer II of the EC is
associated with a distinct phase-reversal of theta activity in the superficial and the deep
layers (Alonso & Garcia-Austt, 1987a). To localize the layers in which theta activity is
generated in the PaS, samples of field potential were recorded along a 4 mm track,
starting 2 mm from the surface of the PaS. No theta activity was observed at sites near
the beginning of the electrode track in the differential recordings, but theta-frequency
oscillations were observed transiently as the bipolar electrode spanned the superficial
layers of the PaS (Figure 2A, B). A phase-reversal between the superficial and deep
layers results in negative recordings in superficial layers when the polarity is positive in

deep layers, and opposite polarities at each tip of the electrode greatly enhances
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differential recordings. After the bipolar electrode passed through the PaS, the amplitude
of theta activity in the differential recording electrode was reduced, while theta-frequency
activity in the stationary hippocampal electrode was maintained in response to tail-pinch
(Figure 5C).

To quantify differences in the power of theta-frequency EEG activity (4-12 Hz;
Bland, 1986) along the entire electrode track, power spectral analysis of representative
traces was conducted at each depth. In order to compare depth profiles across animals,
total theta-frequency power in the band from 3.1 to 10.4 Hz was expressed as a
percentage of the maximal theta-band power observed along the electrode track. Both
hippocampal and PaS recordings demonstrated clear peaks in the power spectrum
corresponding to low-end theta frequencies (~3-6 Hz), and this is consistent with the
frequency range of theta both the hippocampus and EC in the urethane-anesthetized rat
(Bland, 1986; Dickson, Trepel, & Bland, 1994). The maximal amount of theta-band
power was always observed as the electrode passed through the superficial layers of the
PaS (Figure 2C). Due, in part, to variation in electrode tip separation, which ranged from
500 pm to 700 pm, maximal theta-band power varied across animals, which ranged from
0.004 to 0.016 mV, and had a mean of 0.007 + 0.002 mV (n = 7). In each case, maximal
theta-band power values were observed when the leading electrode tip was located 100-
250 pm from the surface of the cortex (Figure 2C). Histological analysis revealed that
this corresponded to electrode locations in layers II/III of the PaS, with the deep tip

located in the deep layers of the PaS.



15

Cross-correlational analyses

Cross-correlational analyses were used to investigate the phase relationship
between parasubicular and hippocampal theta-frequency EEG activity. The phase of
hippocampal theta-frequency activity is known to vary systematically with depth across
the lamina of the CAl region (L. W. Leung, 1984). Accordingly, we found that the phase
relationship between hippocampal and parasubicular theta activity is dependent on the
exact location of the hippocampal reference electrode. Specifically, when the
hippocampal electrode was placed in the stratum oriens, theta-frequency activity recorded
in the PaS tended to be out of phase, while it was more phase-locked when the
hippocampal electrode was positioned deep in the stratum radiatum (e. g., Figure 3A, B).
In 4 animals in which the hippocampal electrode was located in the stratum radiatum and
lacunosum-moleculare region of the CA1 region of the hippocampus, the average phase
delay was only ~17° (-47°, -39°, 35°, and —18°, respectively). Conversely, in the
remaining 3 animals, when the reference electrode was placed near the stratum oriens, the
average phase of PaS theta was more reversed in phase at 207° (-220°, 289°, and 113°,
respectively) [¢ (5) =4.67, p < 0.01] (Figure 3C).
Cholinergic dependence of parasubicular theta oscillations

Theta-frequency activity in the hippocampus of the urethane-anesthetized rat is
paced by GABA-ergic and cholinergic neurons in the medial septum (Bland, 1986; Bland
& Oddie, 2001; Denham & Borisyuk, 2000; Sotty et al., 2003; Vertes & Kocsis, 1997)
and can be blocked by systemic administration of cholinergic antagonists. The non-
specific muscarinic cholinergic antagonist, atropine sulfate, abolishes theta-frequency

field oscillations in the hippocampal formation (Kramis, Vanderwolf, & Bland, 1975)
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(Figure 4A). Similarly, systemic administration of atropine blocked theta-frequency
activity elicited by tail-pinch in both the CA1 and PaS. Theta-frequency activity, as a
percent of total power was reduced from 45.0 + 5.6 % to 15.7+3.3 % inthe CA1 [t (3) =
3.79,p <0.01] and from 51.8 £ 2.4% to 15.5+ 5.0 % [¢ (3) = 10.10, p < 0.01] in the PaS
(Figure 4B). Muscarinic antagonists therefore greatly reduce theta-frequency EEG
activity in the PaS.

Theta-frequency membrane potential oscillations in layer II of the PaS

Whole-cell current clamp recordings were obtained from 21 layer II PaS cells.
The basic electrophysiological characteristics of 17 parasubicular cells demonstrated
electrical properties similar to the stellate and pyramidal cells described previously
(Funahashi & Stewart, 1997a) (Figure 5B). Four cells demonstrated electrophysiological
properties characteristic of interneurons, and were therefore analyzed separately (see
below; Chapman & Lacaille, 1999b; Lacaille & Schwartzkroin, 1988).

The superficial layers of the PaS contain both stellate and pyramidal neuron cell
types, however they display similar electrophysiological characteristics and thus were
analyzed as a single set of data (Funahashi & Stewart, 1997a). Cells had a mean resting
potential of -55.31 + 1.93 mV upon initial whole-cell configuration, and a moderate input
resistance (114.0 £ 9.7 MQ). All 17 cells demonstrated some delayed inward
rectification in response to hyperpolarizing current steps (mean of rectification ratio: 1.17
+ 0.03; range: 1.06 to 1.46) (Funahashi & Stewart, 1997a). Action potentials (amplitude:
101.67 £ 2.81 mV; width: 1.30 + 0.06 ms) were typically followed by a fast and medium

afterhyperpolarizations (fAHP amplitude: 7.46 £ 0.50 mV; mAHP amplitude: 6.12 + 0.41
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mV). Cells in the superficial layers of the PaS displayed high action potential threshold
values (mean: -46.35 + 1.47 mV).
Intrinsic voltage-dependent oscillations

In normal ACSF at 22° C, PaS cells did not usually fire at rest. However, upon
steady positive current injection to threshold voltages (typically <50 pA), the majority of
cells (14 out of 17 cells or 82.3%) displayed oscillations at frequencies between 2 and 5
Hz. When the cells were depolarized to suprathreshold voltage levels, the oscillations
persisted between single spikes (Figure SA). The cells did not, however, demonstrate
cluster firing at consecutive peaks of the oscillations, as has been reported previously in
hippocampal interneurons (Chapman & Lacaille, 1999b). The oscillations were markedly
voltage-sensitive, and hyperpolarization of cells to 6-12 mV below threshold abolished
oscillations.

A subset of the cells was further analyzed in detail for voltage-dependence of the
oscillations. The power of oscillations increased significantly when membrane potential
was increased from 6 mV below threshold (mean: 0.032 + 0.007 mV?/Hz) to threshold
levels (mean: 0.111 + 0.021 mV*/Hz) [ (5) = 3.35, p < 0.01] (Figure 5C). Similarly, the
peak-to-peak amplitude of oscillations also increased from 1.12 + 0.09 mV to 2.40 + 0.36
mV [z (5) =3.32, p <0.01] when membrane potential was increased to near threshold
levels. The frequency of the oscillations was reflected by clear peaks in the power
spectrum (Figure 5C). Oscillation frequency increased from 2.85 + 0.26 Hz at 6 mV
below threshold to 3.81 + 0.24 Hz when the membrane potential was increased to near

threshold voltages [z (5) = 2.58, p < 0.05].
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The frequency of membrane potential oscillations increased to within the range of
frequencies of endogenous theta-frequency activity (4 —12 Hz) at more physiological
temperatures (Bland, 1986; Chapman & Lacaille, 1999b; Petsche, Stumpf, & Gogolak,
1962). Bath temperature was increased to 32° C to determine if the frequency of
membrane potential oscillations in layer II cells of the PaS was temperature-sensitive.
Recordings at all voltage-levels were repeated when the temperature of the bath was
increased from 22° C to 32° C (n = 11). Numerous electrophysiological characteristics of
the PaS cells were aftered at increased temperatures, consistent with increased K" kinetics
associated with whole-cell recordings at physiological temperatures (Shen &
Schwartzkroin, 1988; Thompson, Masukawa, & Prince, 1985). At the increased
temperature, the cells displayed a decrease in spike amplitude (100.52 + 5.50 mV at 32°
C vs. 108.51 £3.88 mV at 22° C), and a decrease in the input resistance (72.90 + 7.60
MQ vs. 122,10 £ 10.09 MQ) (Figure 6B). A smaller sample of cells was selected for
power spectrum analysis (n = 9). Raising the temperature of the bath from 22° C to 32°C
increased the frequency [3.44 £ 0.22 Hz to 5.96 + 0.32 Hz; ¢ (8) = 7.44, p < 0.001]
(Figure 6A, D), but did not affect the power of the oscillations (0.055 + 0.009 at 22° C
Vs. 0.065 £0.016 at 32° C; p > 0.05) (Figure 6C).

Receptor blockers were used to determine whether oscillations are intrinsic, or
may be due to extrinsic glutamatergic or GABAergic synaptic inputs. Recordings were
repeated in normal ACSF and during bath application of the N-methyl-D-aspartate
(NMDA) glutamate receptor blocker DL-(+)-2-amino-5-phosphonopentanoic acid (AP-5;
50 um), non-NMDA receptor blocker 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-

benzo[f]quinoxaline-7-sulfonamide disodium (NBQX; 10 um), and GABA 4 receptor
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blocker bicuculline (BIC; 20 um) (n = 4) (Figure 7A). The peak frequency and power of
membrane potential oscillations were not significantly altered during application of
receptor blockers (3.54 £ 0.35 Hz in ACSF vs. 4.39 + 0.65 Hz in antagonists, p > 0.05;
0.078 + 0.020 mV*/Hz in ACSF vs. 0.061 + 0.031 mV*/Hz in antagonists, p > 0.05),
indicating that generation of membrane potential oscillations in layer II cells of the PaS
does not require extrinsic ionotropic glutamate or GABA synaptic input (Figure 7C, D).

Increasing the temperature of the bath increases the frequency of membrane
potential oscillations, but also increases the level of synaptic activity in the acute slice.
To determine whether augmented synaptic activity at 32° C contributed to increases in the
frequency of oscillations, recordings at 32° C were repeated in some cells during bath
application of ionotropic glutamatergic and GABAergic antagonists NBQX, AP-5, and
bicuculline (n = 4). The oscillations were not reduced in frequency or power (6.47 + 0.64
Hz in ACSF vs. 7.81+ 1.11 Hz in antagonists, p > 0.05; 0.036 £ 0.017 in ACSF vs. 0.042
+0.012, p > 0.05), suggesting that membrane potential oscillations in layer II cells at 32°
C are regulated largely by intrinsic conductances rather than synaptic input (Figure 7D).
Interneurons in the PaS

Inhibitory interneurons have been identified previously in the PaS using
parvalbumin staining (van Vliet, Aronica, Tolner, Lopes da Silva, & Gorter, 2004). A
small group of cells (n = 4) demonstrated electrophysiological characteristics similar
interneurons in other areas of the hippocampal formation (Chapman & Lacaille, 1999a).

Cells were differentiated from other PaS cells by their high input resistance [mean:
264.25 + 48.94 MQ; £ (3.239) = 3.01, p < 0.05], short action potential duration (mean:

1.12 £ 0.13 ms), and a large fAHP amplitude [mean: 13.45 £ 2.01 mV; ¢ (19)=3.75,p <
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0.05]. These cells had a mean resting membrane potential of -57.02 + 2.54 mV. Three of
the 4 cells showed a large delayed inward rectification, however this did not significantly
differ from other parasubicular cells (Figure 8B; interneurons: 1.49 + 0.35 vs. other PaS
cells: 1.17 £ 0.03, p > 0.05).

Of particular interest is the observation of voltage-dependent theta-frequency
membrane potential oscillations in these cells. Inhibitory interneurons in the
hippocampal formation can demonstrate intrinsic membrane potential oscillations, which
may serve to rthythmically inhibit or disinhibit principal cells, and may serve to
synchronize neural networks into either theta or gamma frequencies (Chapman &
Lacaille, 1999b). When depolarized to near-threshold levels, the membrane potentials of
the four putative interneurons oscillated at a mean frequency of 3.88 + 0.58 Hz, and this
increased to 6.49 + 0.42 Hz at 32° C (Figure 8A, C), without significant reductions in
power (Figure 8C) [n=3; ¢ (2) = 6.21, p <0.05). Similar to other PaS cells, oscillations
were abolished when membrane potential was hyperpolarized (Figure 8A). Finally,
oscillations in these interneurons were found to be independent of fast ionotropic synaptic
transmission, and persisted in the presence of NBQX, AP5 and bicuculline (n = 1, data

not shown).
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Figure 1. A summary diagram detailing the extrinsic cortical and subcortical connections
with the parasubiculum. Bold lines indicate major projections. The CA1 region of the
hippocampus and the medial septum send major projections to the superficial layers of
the parasubiculum, which in turn sends a major projection exclusively to the superficial

layers of the entorhinal cortex (adapted from Amaral & Witter, 1995).
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Figure 2. Theta-frequency EEG activity is generated locally within the superficial layers
of the parasubiculum. A. Differentially recorded EEG activity from a bipolar electrode
that passed through the parasubiculum is shown with simultaneous recordings from a
stationary reference electrode in the CA1 region of the hippocampus. The locations at
which recordings were obtained are indicated by numbers that correspond to the locations
in B;. Note that theta-frequency EEG activity was observed only in traces obtained from
positions 2 to 4 as the leading tip of the electrode passed through layers I and II of the
PaS. Theta activity elicited by tail-pinch was observed in the CA1 region during each of
these recordings. B. Locations from which recordings in A were obtained are shown in a
photomicrograph (B). Recording electrode tracks are shown for all 7 animals in B,. The
dashed line in B; indicates the trajectory of the track shown in B;. The shaded area
indicates the location of the PaS. C. Depth profiles for each of the 7 animals tested show
changes in the amount of theta-band power as the bipolar recording electrode was passed
through the parasubiculum. Data for the 7 animals tested are shown on separate panels
for clarity, and data are expressed as a proportion of the maximal theta-band power
observed along the electrode track. Maximal theta-band power was observed within 0.1

to 0.3 mm of the surface of the cortex in layers I to II of the parasubiculum.
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Figure 3. Theta activity in the parasubiculum is phase-locked to simultaneously recorded
theta activity in stratum radiatum of the CA1 region. A. Samples of simultaneously
recorded EEG activity in the CA1 region and in the parasubiculum. B. The cross
correlation of records in A reflects strong theta activity shared in both sites. The peak in
the cross correlation close to a lag of zero (arrow) indicates the signals were nearly
phase-locked. C. The phase of the cross correlation functions in different animals
depended on the laminar location of the reference electrode in the CA1 region.
Parasubicular theta was near phase-locked to theta activity recorded in stratum radiatum,
and was more phase reversed relative to theta activity recorded in stratum oriens. The

open circle indicates the phase relation obtained for the recordings in A.
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Figure 4. Blockade of muscarinic cholinergic receptors abolishes theta-frequency EEG
activity in both the parasubiculum and the CA1 region. A. Representative simultaneous
recordings are shown for each site before (A;) and after (A;) systemic administration of
10 mg/kg atropine sulfate. B. Group averages of theta-band power show significant

reductions following atropine in both recording sites (*, p <0.01).
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Figure 5. Neurons in layer II of the PaS display voltage-sensitive oscillations in
membrane potential. A. Whole-cell current clamp recordings from a representative
parasubicular neuron are shown at the membrane potentials indicated at left. When the
cell was held near threshold by positive current injection membrane potential oscillations
occurred at a frequency near 4 Hz and contributed to the timing of action potentials.
Action potentials are truncated in this and subsequent figures. Oscillations were not
observed at more hyperpolarized potentials. B. Membrane potential responses to
hyperpolarizing and depolarizing current pulses delivered at resting potential in normal
ACSF in the same cell as in A. Note the moderate delayed inward rectification during
strong hyperpolarizing pulses. Action potentials are truncated. C. Power spectra for
recordings obtained at three voltage levels from the same cell as in A and reflect a peak
frequency of oscillations between 2 and 5 Hz, and a shift to higher frequencies at
depolarized membrane potentials (C;). The power of oscillations are shown as a function
of membrane potential relative to spike threshold for a sample of 7 neurons in C,. Note
the increasing power of oscillations as membrane potential was increased to near-

threshold levels.
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Figure 6. The frequency of oscillations increased when the temperature of ACSF was
raised from 22° to 32° C. A. Recordings from a representative neuron at the indicated
voltages at 22° and 32° C. Note that oscillations at both temperatures are abolished by
hyperpolarization. B. Membrane potential responses to current steps in the same neuron
as in A at 22° C show moderate inward rectification. C. Comparison of power spectra of
membrane potential at voltage levels just below spike threshold are compared for
recordings from the same cell at 22° and 32° C. Note the increase in peak frequency of
oscillations with little change in power of oscillations. Initial peaks in both spectra at
frequencies near 1.0 Hz reflect slower, non-oscillatory changes in membrane potential.
D. There was a significant increase in the peak frequency of oscillations in the group of

cells tested (n=11; p < 0.05).
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Figure 7. Membrane potential oscillations persist in the presence of blockers of
ionotripic glutamate- and GABA-mediated synaptic transmission. A. Recordings from a
layer II parasubicular neuron at the indicated voltage levels are shown for before (A;) and
after (A;) blockade of ionotropic glutamatergic and GABAergic synaptic transmission
with NBQX (10 uM), AP-5 (50 uM), and bicuculline (10 pM). Recordings were
conducted at 22° C. B. Membrane potential responses to current steps in the same
neuron as in A. C. Power spectra of traces in A recorded at 47 mV show no change in
power or frequency of membrane potential oscillations in the presence of synaptic
blockers. D. Group averages of neurons recorded at 22° C (n =4) and 32°C (n=4)
show that blockade of synaptic transmission has no significant effect on frequency of
oscillations at either temperature (p = 0.49). The persistence of voltage dependent
oscillations during the blockade of ionotropic synaptic transmission suggests that

oscillations are generated by intrinsic conductances.
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Figure 8. Putative inhibitory interneurons in layer II of the PaS also display temperature-
and voltage-dependent membrane potential oscillations. A. Representative recordings
from one of the four interneurons displays voltage-sensitive membrane potential
oscillations at both 22° (A;) and 32° C (A;) which are abolished by hyperpolarization
from threshold. B. Voltage responses to hyperpolarizing current steps reflect a high
input resistance (353 MQ). Note the marked sag in the voltage response to large
hyperpolarizing current pulses. Putative interneurons also has short spike widths and
large fast afterhyperpolarizations. C. Power spectra of traces recorded from the neuron
in A show an increase in the peak frequency of oscillations as temperature was increased
from 22° to 32° C. Note the temperature-dependent increase in the peak frequency of
oscillations that is similar to the increased frequency of oscillations observed at 32° C in

principal neurons.
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DISCUSSION

The local generation of theta-frequency EEG activity within the PaS has been
demonstrated here using both in vivo and in vitro electrophysiological techniques. Both
theta activity and the PaS are known to play important roles in spatial navigation, the
integration of sensory information, and mnemonic processes (Bland & Oddie, 2001;
Buzsaki, 2005; Cacucci, Lever, Wills, Burgess, & O'Keefe, 2004; Caruana & Chapman,
2004; Hasselmo, 2005; Vertes, 2005). While cells in the PaS that fire with constant
phase relationships to theta-frequency activity have been recorded, and local theta field
activity in the PaS has been reported previously in freely moving animals (Cacucci,
Lever, Wills, Burgess, & O'Keefe, 2004; Taube, 1995b), this is the first definitive
demonstration of the local generation of theta-frequency field activity in the superficial
layers of the PaS. Bipolar electrodes were used in the urethane-anesthetized rat to detect
theta-frequency activity that was phase reversed across the superficial layers, rather than
theta activity that is passively volume-conducted from the hippocampus that shows no
phase reversal. Tail-pinch stimulation elicited theta-frequency activity both in the
hippocampus and in the superficial layers of the PaS. Similar to theta-frequency activity
other structures in the hippocampal formation (Kramis, Vanderwolf, & Bland, 1975;
Vanderwolf, 1969), theta field activity in the PaS was blocked by atropine, and is
therefore dependent on muscarinic receptor activation. The major output of layer II of
the PaS is to layer II of the EC (Amaral & Witter, 1989, 1995; Caballero-Bleda & Witter,
1994; Swanson & Cowan, 1979; van Groen & Wyss, 1990b), and the present finding
suggests that this output may play an important role in modulating sensory processing in

the EC during theta activity (Caruana & Chapman, 2004).
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Intrinsic membrane potential oscillations are known to contribute to the
generation of theta-frequency activity in various regions of the hippocampal formation
and adjacent structures, such as the basolateral amygdala (Alonso & Llinas, 1989; Bland,
Konopacki, & Dyck, 2002; Bonansco & Buno, 2003; Chapman & Lacaille, 1999b; Pape,
Pare, & Driesang, 1998). Using visually guided whole-cell current clamp recordings, we
have found that layer II cells of the PaS also demonstrate voltage-dependent oscillations
in membrane potential at theta-frequency. These oscillations persist during blockade of
fast glutamate- and GABA-mediated synaptic transmission, suggesting that they are
generated intrinsically. Similarly, the frequency of the oscillations increased to within
the frequency range of theta activity observed in vivo at more physiological temperatures.
This suggests that intrinsically generated membrane potential oscillations may contribute
to the production of theta-frequency EEG activity in vivo.

The present studies provide the first evidence of the local generation of theta-
frequency oscillations in the superficial layers of the PaS, and furthermore suggest that
they are mediated in part by intrinsic membrane potential oscillations. This is consistent
with previous reports of theta-related activity in the PaS. Taube (1995b) reported that
41% of parasubicular cells fire in relation to theta activity. Similarly, Cacucci and
colleagues (2004) reported local theta-frequency EEG activity in both the presubiculum
and the PaS. These authors used tetrodes to differentially record local field activity,
however and the placement of the reference electrode was not described. These studies
were therefore not able to definitively localize the origin of the theta-frequency activity.
Using differential bipolar electrodes to eliminate volume-conducted activity from

adjacent hippocampal structures, and recording at an angle perpendicular to the laminar
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orientation of the PaS, we were able to localize the generation of theta-frequency activity
to the superficial layers of the PaS.

Local generation of theta-frequency activity in the PaS. The local generation of
hippocampal theta activity in vivo has been previously evidenced by the reversal of the
polarity of oscillations relative to a stationary electrode when the active electrode passes
through the cell layers that generate theta activity. There are two main generators located
in the CA1 region and in the dentate gyrus, and they both contribute to a shift in the
phase of theta activity within the hippocampal formation (Alonso & Garcia-Austt, 1987a;
Bland, Anderson, & Ganes, 1975). Specifically, there is a gradual phase shift throughout
the CA1 region of the hippocampus starting from the stratum oriens to stratum
lacunosum moleculare. Compared theta activity recorded in stratum oriens, theta activity
in the stratum lacunosum-moleculare and stratum radiatum is roughly 130-160° out of
phase (Bland, Anderson, & Ganes, 1975; Kowalczyk & Konopacki, 2002; L. W. Leung,
1984). This pattern can be accounted for by the presence of two competing voltage
dipoles generated by the interaction of rhythmic somatic inhibition of pyramidal cells in
stratum oriens/pyramidale and synaptic currents in the apical dendrites of the stratum
radiatum (Buzsaki, 2002).

Layer II of the EC also generates theta activity, and there is a reversal in the phase
of theta-frequency EEG in the EC between the superficial and deep layers (Alonso &
Garcia-Austt, 1987a; Mitchell & Ranck, 1980). Layer II cells of the EC projects almost
exclusively to the dentate gyrus via the perforant path, and the cells of the dentate gyrus,
in turn, contribute to the rhythmic, synchronized firing of CA1 pyramidal cells (Amaral

& Witter, 1989, 1995; L. S. Leung, Roth, & Canning, 1995; Wu & Leung, 1998). Since
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the PaS exclusively sends efferents to layer II of the EC, it is possible that the PaS may
help pace or generate theta-frequency EEG activity in the EC.

Early pilot studies using monopolar electrodes showed that theta activity in the
PaS was phase locked with the CA1 at every depth along the recording track, suggesting
that theta-frequency activity was volume-conducted from the hippocampus (D. Caruana,
personal communication). To eliminate the contribution of strong volume-conducted
activity from the hippocampus and/or EC to the recordings obtained here, theta-frequency
EEG activity in the PaS was then recorded using a bipolar electrode. The use of
differential recordings from bipolar electrodes effectively removes components of the
EEG that are common to both tips, and allows for recording of activity generated at
locations between the two tips. Similarly, differential recordings accentuate phase
reversals between the two tips, so that locally generated oscillations are amplified when
the tips span the layers that generate the oscillations. The amplitude maxima of theta
activity was recorded when the leading tip of the electrode was positioned approximately
100-300 um from the surface of the cortex. This corresponds to the border of layer I/11,
so that the electrodes spanned layers II to the middle of layer V or VI. This suggests that
theta-frequency activity is generated within layer II/III of the PaS. As the bipolar
electrode passed through the superficial layers of the PaS, peak power values were
observed across 100-300 pm, corresponding to the thickness of the layer II of the PaS
(Funahashi & Stewart, 1997a).

Peak power values in theta range were distributed throughout the superficial
layers of the PaS in different animals, however the distribution was sometimes

asymmetric, such that larger power values were observed as the leading tip of the bipolar
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electrode exited the superficial layers of the Pas, compared to when the leading tip began
to enter layers III and II. While it is unclear why some of the tracks demonstrated this
pattern, it may be due to slightly stronger active membrane currents in the superficial
layers near the soma and proximal dendrites of layer II neurons as compared to below
these neurons in layers IV/V. Active currents associated with membrane potential
oscillations contribute to local field activity, and may be stronger or more concentrated
near the soma and proximal dendrites of the principal cells. In the PaS, superficial cells
demonstrate membrane potential oscillations, and this may account for the stronger
power values when the leading tip is exiting the parasubicular area, and the lagging tip is
still proximal to layers II and I. In addition, excitatory synaptic inputs from the CAl
terminate in layers [ and II of the PaS (Kohler, 1985; van Groen & Wyss, 1990a, 1990b).
This synaptic input may also accentuate rhythmic field potentials in the superficial layers
and result in a slower decline in the amplitude of PaS theta as the electrode moved
medially out of layer I. Because of this, the more dorsal tip of the electrode could record
relatively strong theta activity from the superficial layers at the same time that the leading
tip had exited the PaS. This could result in a slow decline in the amplitude of
differentially recorded theta-frequency EEG activity as the bipolar electrode passed out
of the PaS.

Due to variation in the position of the CA1 reference electrode, the phase
relationship between theta activity in the superficial layers of the PaS and theta activity in
the CA1 cannot be defined precisely. Similarly, the exact position of the PaS electrode
cannot be precisely localized and, because the phase of theta activity varies with depth in

the PaS, variation in the position of the PaS electrode can also affect the phase of the
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cross spectrum. However, the approximate phase relationship between PaS and
hippocampal theta activity is clear, and it depends systematically on the dorsoventral
position of the stationary CA1 reference electrode. In the CAl, theta activity displays a
gradual phase shift with laminar depth, in which the apical dendrites of the pyramidal
cells in stratum radiatum and stratum lacunosum-moleculare demonstrate an approximate
130°-160° phase reversal with respect to the stratum oriens (Bland, Anderson, & Ganes,
1975; Kowalczyk & Konopacki, 2002; L. W. Leung, 1984). We have found here that
theta activity in the superficial layers of the PaS is approximately out of phase with the
stratum oriens of the CA1, and is more phase-locked with stratum radiatum or
lacunosum-moleculare. The superficial layers of the EC are also known to have a similar
phase relation to theta activity in the stratum lacunosum-moleculare (Alonso & Garcia-
Austt, 1987a; Buzsaki, 2002; Dickson, Trepel, & Bland, 1994), suggesting that the PaS
and EC are largely synchronous in terms of theta activity. Thus, although phase
relationships between the EC and the PaS during theta-frequency EEG activity have yet
to be directly monitored, it appears that the superficial layers of both the EC and PaS
contribute in synchrony to the generation of theta-frequency oscillations. Use of multi-
tipped recording electrodes would allow simultaneous recordings at many depths and
could help clarify the exact phase relationship between theta activity in the PaS and the
EC.

Theta-frequency EEG activity in the PaS is also likely modulated by other, non-
CAl inputs. The anteroventral thalamus has strong connections with the PaS, and cells in
this area have been reported to fire rhythmically at theta-frequency. Specifically, cells in

the anteroventral thalamus rhythmically burst in synchrony at the peak of theta-frequency
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EEG activity recorded in the hippocampus (van Groen & Wyss, 1990b; Vertes, Albo, &
Viana Di Prisco, 2001). Cells in the anteroventral thalamus may therefore provide
rhythmic inputs synchronized with theta activity in the PaS.
Cholinergic dependence of theta in the PaS

The medial septum is critical for the pacing of theta-frequency EEG activity in the
hippocampus and EC (Bland & Oddie, 1998; Bland, Oddie, & Colom, 1999;
McNaughton et al., 1977; Petsche, Stumpf, & Gogolak, 1962; Vertes & Kocsis, 1997).
Simliarly, the medial septum sends strong projections to the PaS which suggests that the
medial septum also plays a critical role in driving theta activity in the PaS (Amaral &
Witter, 1989; Gaykema, Luiten, Nyakas, & Traber, 1990; Swanson & Cowan, 1979).
Projections from the medial septum include both cholinergic and GABAergic fibers
which help to drive theta in the hippocampus (Alonso & Kohler, 1984; Baisden,
Woodruff, & Hoover, 1984; Sotty et al., 2003). In the urethane-anesthetized rat,
hippocampal theta activity can be blocked by the systemic administration of the
muscarinic cholinergic antagonist, atropine (Dickson, Trepel, & Bland, 1994; Kramis,
Vanderwolf, & Bland, 1975), indicating that cholinergic inputs from the septum are
critical for generating theta activity. We have found here that locally-generated theta
activity in the PaS is blocked by systemic administration of atropine (Figure 4), and it is
likely that theta in the PaS is mediated, at least in part, by muscarinic inputs from the
medial septum.
Identity of cells

The PaS was distinguished from adjacent structures based on the laminar

differences between the PaS, EC and the presubiculum. In contrast to layers II/III of
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neighboring structures which are very compact, the PaS was identified based its relatively
broad band of cells in layers II/III (Amaral & Witter, 1989; Funahashi & Stewart, 1997a;
Kohler, 198S; van Groen & Wyss, 1990b). Although it is difficult to distinguish layer II
from layer III in the PaS, the sample of recorded cells obtained was situated on the layer
I/II border and were clearly from layer II. While the cells were not identified definitively
based on cellular morphology, the electrophysiological characteristics of the cells
suggested that the majority of these cells were stellate or pyramidal cells. This fits with
previous literature on the cell classes found in layer II of the PaS which has reported that
cells within the same layers of the PaS tend to be electrophysiologically-homogeneous
(Funahashi & Stewart, 1997a, 1997b). Morphologically distinct parasubicular neurons
do not show marked differences in electroresponsiveness, and electrophysiological
distinctions between cells in the PaS are more apparent between cells located in different
layers, such that pyramidal cells in superficial layers are more similar to stellate cells in
the superficial layers than to pyramidal cells in deep layers (Funahashi & Stewart, 1997a,
1997b). Both pyramidal and stellate neurons showed voltage-dependent membrane
potential oscillations, and it is therefore likely that both cell types contain the voltage-
gated conductances for intrinsic membrane potential oscillations that may contribute to
the generation of local theta activity.
Membrane potential oscillations are voltage-dependent

Membrane potential oscillations in various regions of the brain are dependent on
different ionic mechanisms (Alonso & Llinas, 1989; Llinas & Yarom, 1986). The
majority of layer II parasubicular cells show voltage-dependent membrane potential

oscillations that are not reliant on synaptic input, and this suggests the involvement of
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non-synaptic voltage-dependent conductances. By hyperpolarizing layer II parasubicular
cells slightly, the power of oscillations significantly decreased, as did the frequency of
the oscillations, which may reflect the fewer number of voltage-gated channels involved
in the oscillations at lower voltage levels.

Subthreshold membrane potential oscillations in the PaS may be dependent on
voltage-dependent channels. The hyperpolarization-activated time-dependent inward
rectifying conductance 7, is responsible for repetitive firing in interneurons in stratum
oriens of the CA1 (Maccaferri & McBain, 1996), and may be one conductance that could
contribute to subthreshold membrane potential oscillations (Dickson et al., 2000). In
addition, the persistent sodium current (Iy.p) and a potassium conductance (K*) have
been found to underlie membrane potential oscillations in both hippocampal principal
cell and interneuron populations (Chapman & Lacaille, 1999b; Garcia-Munoz, Barrio, &
Buno, 1993; L. W. Leung & Yim, 1991), as well as in stellate cells in the superficial
layers of the EC (Klink & Alonso, 1993).

Raising bath temperature increases the kinetics of K" and Na" conductances, and
increases the frequency of membrane potential oscillations of hippocampal interneurons
to frequencies similar to those observed in vivo (Chapman & Lacaille, 1999b; Shen &
Schwartzkroin, 1988; Thompson, Masukawa, & Prince, 1985). Increasing the
temperature of layer II cells of the PaS to 32° C also significantly increased the frequency
of the oscillations from 3.40 to 5.96 Hz, which is similar to the frequencies of theta
activity observed in vivo without altering the magnitude of oscillations (Bland, 1986;

Green & Arduini, 1954; Petsche, Stumpf, & Gogolak, 1962).
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Interneurons in layer II of the PaS

Membrane potential oscillations were recorded in 4 additional cells that were
putative interneurons. These cells were characterized by high input resistance, short
spike-widths, and large afterhyperpolarizations. Interneurons in the hippocampal regions
demonstrate voltage-dependent membrane potential oscillations, and are thought to play
an integral role in the generation of theta activity by synchronizing principal cells with
rhythmic inhibitory input (Chapman & Lacaille, 1999a, 1999b). Theta-frequency firing
of GABAergic input from the medial septum inhibits GABAergic interneurons in the
stratum oriens, and this causes the rhythmic release of pyramidal cells from tonic
inhibition. This provides an additional mechanism by which pyramidal cells may be
synchronized by inhibitory interneurons (Cobb, Buhl, Halasy, Paulsen, & Somogyi,
1995; Cobb et al., 1997).

Similar mechanisms may play a substantial role in the generation of theta activity
in the PaS by rhythmically disinhibiting principal cells. Anatomical evidence shows that
the superficial layers of the PaS contain numerous non-pyramidal and non-stellate
GABAergic cells (Kohler, Wu, & Chan-Palay, 1985; Wouterlood, Hartig, Bruckner, &
Witter, 1995). Electrophysiological data support the notion that superficial layers of
retrohippocampal cortices are under strong inhibitory control (Funahashi & Stewart,
1998; R. S. Jones & Buhl, 1993; R. S. G. Jones, 1990). During theta activity, cholinergic
inputs from the septum may depolarize the principal cells of the superficial layers,
releasing these cells from local inhibition by muscarinic-dependent receptor activation.

Cholinergic inputs may also serve to depolarize local interneurons that could the help
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synchronize theta activity in principal cells of the PaS by evoking synchronous, rhythmic
inhibitory postsynaptic potentials.

Hippocampal interneurons in the stratum lacunosum-moleculare display intrinsic
membrane potential oscillations that are dependent on cholinergic mechanisms.
Cholinergic agonism depolarizes entorhinal and hippocampal cells to voltage levels near
threshold leading to membrane potential oscillations (Chapman & Lacaille, 1999a;
Dickson & Alonso, 1997; Klink & Alonso, 1997). The superficial layers of the PaS also
receive cholinergic (van Groen & Wyss, 1990b) from the medial septum, and
GABAergic inputs from both local interneurons and septal regions (Kohler, Wu, & Chan-
Palay, 1985). Cholinergically-induced depolarization in the PaS may be regulated by
both phasic septal inputs and rhythmic local inhibition. Theta activity in the superficial
layers of the PaS is therefore likely supported by a number of intrinsic and extrinsic
mechanisms, including local inhibitory interneurons, and both cholinergic and
GABAergic inputs from the medial septum.

Neurons in superficial layers of the EC, PaS, and presubiculum are known to fire
in relation to theta rhythm (Alonso & Garcia-Austt, 1987b; Cacucci, Lever, Wills,
Burgess, & O'Keefe, 2004; Chrobak & Buzsaki, 1994) . Furthermore, Funahashi and
Stewart (1998) proposed that the output of the PaS may exert phasic inhibition upon
target cells in superficial cells of the EC, and consequently influence the generation of
theta-frequency activity in the layer II of the EC. Cells in the PaS may therefore
contribute to the timing of discharges in the superficial EC cells, and entrain their firing
to specific phases of the theta activity in the EC (Chapman & Lacaille, 1999b; Sun, Zhao,

Nelson, & Alkon, 2001).
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Significance

Theta-frequency EEG activity has been strongly linked to spatial navigation and
voluntary movement, yet most of the previous literature has focused on theta activity in
the hippocampus proper (Bland & Oddie, 2001; Buzsaki, 2005; Green & Arduini, 1954;
Vanderwolf, 1969). Other retrohippocampal structures including the EC and PaS also
express theta activity, however little is known about the roles that these areas may play in
the integration of information within the entorhinal-hippocampal network.

It is thought that cells in the PaS encode allocentric information about the location
and orientation with “place-by-direction cells” (Cacucci, Lever, Wills, Burgess, &
O'Keefe, 2004). Unlike place cells, which discharge preferentially in certain locations of
an environment, or head-direction cells, which code for the animal’s directional heading
(Blair, Cho, & Sharp, 1999, Taube, 1995a), place-by-direction cells in the PaS encode
information about both location and direction. Thus, the PaS appears to be important for
the integration of spatial information from place cells in the hippocampus and head
direction information from the anteroventral thalamus. Hargreaves and colleagues (2005)
suggest that the PaS may play a critical role in the creation of spatial representations in
the EC through integrating information from the anteroventral thalamus and other brains
areas associated with spatial processes. This is consistent with the effects of lesions in
the PaS, which result in spatial deficits by decreasing the directionality or specificity of
hippocampal place cells, likely by disrupting the integration of spatial information in the
hippo-entorhinal circuit (Liu, Jarrard, & Bilkey, 2001). Theta activity in the PaS may

therefore serve to integrate information from the hippocampus and the anteroventral
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thalamus, and supply the EC with integrated spatial information required to support the
activity of specialized place cells in the EC.

The output of the PaS is known to cause rapid short-term facilitation or inhibition
of responses of neurons in layer II of the EC to activation of inputs from the piriform
cortex (Caruana & Chapman, 2004; R. S. G. Jones, 1990). Here, it has been
demonstrated that theta-frequency EEG activity may help to synchronize the output of the
PaS, and it is possible that this may lead to rhythmic facilitation of EC responses to
sensory input during theta-related behaviors (Chapman & Racine, 1997; Huerta &
Lisman, 1996a, 1996b). Short-term facilitation affects can promote lasting synaptic
plasticity in the EC thought to contribute to learning and memory (Chapman & Racine,
1997). Therefore, by promoting mechanisms of synaptic plasticity, theta activity in the
PaS may contribute to long-lasting modifications in how spatial information is processed
in the EC, and may contribute to learning about how to effectively navigate through

environments,
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