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Locus Ceruleus Activation Suppresses Feedforward
Interneurons and Reduces 3-7y Electroencephalogram
Frequencies While It Enhances 0 Frequencies in Rat
Dentate Gyrus

Robert A. M. Brown, Susan G. Walling, J. Steve Milway, and Carolyn W. Harley
Department of Psychology, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A1B 3X9

The locus ceruleus is activated by novel stimuli, and its activation promotes learning and memory. Phasic activation of locus ceruleus
neurons by glutamate enhances the dentate gyrus population spike amplitude and results in long-term potentiation of synaptic responses
recorded after 24 h. Cholinergic activation of locus ceruleus neurons increases hippocampal 6. At the level of the cellular network, itis not
clear how the potentiating effects of norepinephrine are mediated. Previous studies show that exogenous norepinephrine enhances
inhibitory interneuron firing in the dentate gyrus. This finding appears at odds with evidence for potentiation. In this study, natural
release of norepinephrine was induced by glutamate activation of locus ceruleus while we recorded EEGs and physiologically identified
interneurons in the dentate gyrus of urethane-anesthetized rats. Feedforward neurons were inhibited (~1-2 min) by locus ceruleus
activation. Feedback interneurons showed both increased and decreased activity, whereas granule cells increased firing as predicted by
evoked potential studies. EEG results replicated an increase in 6 power (4 -8 Hz) with locus ceruleus activation, but the effect with
glutamatergic locus ceruleus activation was transient (~1-2 min). 8-y Frequencies were also transiently suppressed. Together, the data
suggest that locus ceruleus activation enhances the throughput of concomitant sensory input by reducing feedforward inhibitory inter-
neuron activity, which may reduce “binding” in existing cell assemblies, and enhances the conditions for synaptic plasticity through
disinhibition, promotion of 4 - 8 Hz 6, and noradrenergic potentiation to facilitate the building of new representations.
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Introduction
Arousal systems have roles in attention (Berridge and Water-
house, 2003), reinforcement (Hebb, 1996), and learning and
memory (Kety, 1970). The noradrenergic locus ceruleus, in par-
ticular, has been hypothesized to provide a signal that promotes
synaptic plasticity (Kety, 1970). Exogenous or endogenous nor-
epinephrine in the dentate gyrus promotes and permits long-
term perforant path potentiation in vitro (Lacaille and Harley,
1985; Stanton and Sarvey, 1985, 1987; Sarvey et al., 1989) and in
vivo (Neuman and Harley, 1983; Harley and Milway, 1986;
Ezrokhi et al., 1999; Munro et al., 2001). Phasic locus ceruleus
activation produces a delayed (24 h) protein synthesis-dependent
long-term potentiation of synaptic plasticity, suggesting a selec-
tive role in long-term memory (Walling and Harley, 2004).

The locus ceruleus fires phasically to novel inputs (Vankov et
al., 1995) and to changes in environmental contingencies (Sara et
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al., 1994; Vankov et al., 1995). Locus ceruleus activation by nov-
elty is associated with increases in the perforant path-evoked pop-
ulation spike (Kitchigina et al., 1997). Glutamate infusion into locus
ceruleus also phasically activates locus ceruleus neurons and is asso-
ciated with an increased perforant path population spike (Harley
and Sara, 1992). Glutamate infusion offers a tool for investigating the
effects of phasic locus ceruleus activation.

Long-term potentiation of the perforant path-evoked field
potential in the dentate gyrus after locus ceruleus activation
(Harley and Milway, 1986; Harley and Sara, 1992; Kitchigina et
al., 1997; Walling and Harley, 2004) or after reinforcer-induced
switching from early-phase to late-phase tetanic long-term po-
tentiation (Seidenbecher et al., 1997) is B-adrenoceptor depen-
dent, consistent with a requirement for norepinephrine. Poten-
tiation of the perforant path population spike by norepinephrine,
the characteristic in vivo effect, could arise from increased gran-
ule cell excitability or reduced inhibition from interneurons on
granule cells, or both.

Unit recording in the dentate gyrus shows, however, that ex-
ogenous norepinephrine inhibits granule cells and excites pre-
sumed inhibitory interneurons (Pang and Rose, 1987; Rose and
Pang, 1989). Activation of a2- or -adrenoceptors excited inter-
neurons and granule cells (Rose and Pang, 1989); «al-
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adrenoceptor activation inhibited granule cells. Increased inhib-
itory interneuron activity and inhibition of granule cells is
inconsistent with the enhanced granule cell responsiveness and
enhanced plasticity in the dentate gyrus seen with population
recording. An in vitro study (Bijak and Misgeld, 1995) also re-
ports increased activity among presumed inhibitory interneu-
rons by B-adrenoceptor activation but notes that 8-adrenoceptor
agonists acting at different sites in the network enhance inhibi-
tion, as well as excitation, of inhibitory interneurons. Thus, a
critical question concerns the action of endogenous norepineph-
rine on the dentate gyrus interneurons.

This study used the response to perforant path input to phys-
iologically identify feedforward interneurons in the dentate gy-
rus, which fire before granule cells and are activated at a lower
threshold, and feedback interneurons, which fire only when
granule cells are activated and follow granule cell activation, and
assessed their response to glutamate ejections in the locus cer-
uleus of urethane-anesthetized rats. EEG activity was evaluated
concurrently from the same microelectrodes.

Materials and Methods

Urethane-anesthetized rats

Data reported here were obtained from 19 male Sprague Dawley rats
(250-700 g; Memorial University of Newfoundland Vivarium). Experi-
mental procedures were performed in accordance with the Canadian
Council of Animal Care guidelines following a protocol approved by the
Institutional Animal Care Committee.

Surgical procedures

Animals were anesthetized (1.5 g/kg urethane, i.p.) and fixed in a stereo-
taxic apparatus in the skull flat position. Marcaine with epinephrine (0.2
ml) was injected into the scalp to provide local anesthesia and control
bleeding. Rectal temperature was maintained between 36.5 and 37.5°C.
Holes were drilled over three locations: (1) dentate gyrus (—3.5 mm
posterior, 2.0 mm lateral to bregma), (2) perforant path (—7.2 mm pos-
terior, 4.1 mm lateral to bregma), and (3) the locus ceruleus (—12.6 mm
posterior, 1.3 mm lateral to bregma).

Electrode placements and recording

A low-impedance recording electrode was placed in the dentate gyrus to
assist with the placement of a concentric bipolar stimulating electrode
(SNE-100; David Kopf Instruments, Tujunga, CA) in the perforant path.
When a stimulation electrode placement optimal for a negative-going
population spike was achieved, the low-impedance recording electrode
was withdrawn.

The pressure ejection pipette directed at the locus ceruleus was filled
with a combination of 500 mm glutamate (I-glutamic acid; Sigma-
Aldrich, St. Louis, MO) and 2% biocytin (biocytin hydrochloride;
Sigma-Aldrich). Pipettes were mounted in pressure tubing connected to
a pressure ejector (Neuro Phore BH-2; Medical Systems, Greenvale, NY)
and fitted with a recording wire. Tip sizes were adjusted such that a
nitrogen pressure pulse of 2—15 ms yielded a volume of 70-250 nl mea-
sured in air. Previous work with radiolabeled glutamate has shown that
intracerebral injections are ~68% of those seen in air (Welzl et al., 1985).
Pipette tips were 25-50 wm, with impedances of <3 M{). The pipette was
advanced at a 20° angle from the vertical to bypass the sagittal sinus.

The locus ceruleus was identified by the characteristic electrical silence
that occurred after moving through the electrically noisy cerebellum.
Recordings of cells of the pons that responded to jaw stretch and cells of
the locus ceruleus that responded to tail pinch were used to assist in the
placement of the ejection pipette, which was typically 6.0 —6.5 mm below
the surface. The low-impedance pipettes did not permit consistent iden-
tification of locus ceruleus neurons because the signal-to-noise ratio was
low, but they did permit the identification of nearby landmarks and
allowed auditory identification of responses to tail pinch.

In a previous study (Harley and Sara, 1992), locus ceruleus ejection of
50-100 nl of 500 mm glutamate from pipettes or infusion of 100 nl of 500
mM glutamate using a 33 gauge cannula produced a strong multiunit
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activation of locus ceruleus neurons that lasted 250—400 ms and was
followed by 45 min of silence. Cells returned to normal baseline activity
(~1Hz) after the silent period. Although depolarization block may occur
after the glutamate ejection, the failure to see increased activity at the end
of the silent period was inconsistent with this mechanism. Strong phasic
norepinephrine release may produce enduring feedback inhibition in
locus ceruleus through activation of a2 autoreceptors. Manipulations
similar to those used here increased norepinephrine release in the hip-
pocampus by 165% (Walling et al., 2004 ) in the first microdialysis sample
after locus ceruleus glutamate infusion. The pattern of a brief (<400 ms)
en masse firing episode in the locus ceruleus mimics that described in
awake rats (Bouret and Sara, 2004); however, the long postactivation
silence is not normally observed in physiological recordings of phasic
activity, which are characterized by brief (~500 ms) postactivation silent
periods. The rate of firing during the glutamate-elicited phasic episode is
likely close to the maximal rates reported for these neurons (~10-15
Hz). Rates of 10 Hz occur in physiological phasic episodes when two to
three spikes may be seen in a 200—300 ms period.

Dentate gyrus units were recorded with glass electrodes filled with 2%
biocytin (Sigma-Aldrich) dissolved in 0.5 M potassium acetate. Elec-
trodes had approximate tip sizes of 0.5-2 wm and impedances of 5-25
M(Q ex vivo. Electrodes were connected to dual HIP5 high-impedance
head stages (Grass Instruments, Quincy, MA) fed into Grass P5 amplifi-
ers. One channel was bandpass filtered (600 Hz—10 kHz) and amplified
for units; the second channel was bandpass filtered for either EEGs (0.1-
300 Hz) or evoked potentials (1 Hz—3 kHz). The 60 Hz notch filter was
taken out for evoked potentials. After a unit was isolated, it was recorded
in conjunction with evoked potentials. Current pulses (0.2 ms) in the
perforant path, which were subthreshold, at threshold, and suprathresh-
old for a population spike, were used to generate evoked potentials that
permitted unit classification. Recordings of at least 1 min were taken at each
current level with a 0.1 Hz stimulation rate. Recording continued until the
unit fired spontaneously in the prestimulation portion of the record, so that
the unit waveform was available for comparison purposes. Digitized units
(15 kHz), evoked potentials (15 kHz), and EEGs (256 Hz) were retained for
off-line analysis. After the evoked potential tests, the amplifier was adjusted
to record EEGs, and perforant path stimulation was stopped.

A minimum of 5 min of spontaneous unit activity was recorded before
glutamate ejection in the locus ceruleus (locus ceruleus activation). The
dentate gyrus unit channel was monitored for spontaneous threshold
crossings. Units were extracted from the record and recorded for off-line
analysis. A pressure pulse was applied to the glutamate-containing pi-
pette, and recording continued until either the unit returned to the base-
line firing rate or 5 min had elapsed, whichever was longer.

At the termination of recording, the recording site was marked with an
iontophoretic application of biocytin. Another recording electrode pen-
etration could be made if the penetration was no closer than 300 um to
the earlier track. No more than three sites were marked per animal, and
no more than three units were isolated from the same animal.

At the conclusion of the experiment, animals were transcardially per-
fused with 300 ml of heparinized 0.1 M PBS, pH 7.4, followed by 200—-300
ml of fixative consisting of 0.5% glutaraldehyde and 4% formaldehyde or
paraformaldehyde in 0.1 M PBS. The brains were cryoprotected and fro-
zen for later sectioning.

Sagittal sections (50 wm) of locus ceruleus and coronal sections (80
pum) of the dentate gyrus were collected in ice-cold 0.1 m PBS. Sections
were washed and then incubated with the avidin—biotin complex (Vec-
tastain Elite; Vector Laboratories, Burlingame, CA) in 0.2% Triton X-100
(Sigma-Aldrich) for 16 h at 4°C. Sections were again washed and devel-
oped with diaminobenzidine (DAB substrate kit; Vector Laboratories);
after a final wash, they were mounted on gelatin-coated slides. After air-
drying, sections were further dehydrated in a graded series of alcohols,
cleared in xylene, and coverslipped. Some sections were rehydrated and
counterstained with cresyl violet before being dehydrated and mounted.

Data analysis

Unit data. Unit waveforms were cluster cut and assembled into rate-
meter histograms using tools included with Datawave (Boulder, CO).
Unit firing rates for each 1 s period were summed. Burst events, defined
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Figure 1.
were located in the perigranular or hilar zone of the dentate gyrus. Sites with a star indicate the
locations of feedback interneurons excited by locus ceruleus (LC) activation. All other interneu-
rons wereinhibited by locus ceruleus activation. Ejection pipette placements were located in the
locus ceruleus or in the pericerulear zone.

Recording (4) and glutamate ejection (B) pipette placements. All recording sites

as spikes occurring within 6 ms of each other, were counted. Autocorre-
lations were also examined. The averaging of units within a cluster and
examination of the average waveform determined amplitudes and widths
of unit waveforms. Width was taken as the time between the peak wave-
form positivity and negativity. Waveform amplitudes were taken as the
voltage difference between the peak positivity and the peak negativity
divided by the amplification.

The averaged waveform was also used to calculate the waveform asym-
metry ratio of the leading peak or valley for each cell. Asymmetry was
expressed as the ratio of the rise time from 20% maximum to maximum
divided by the fall time from maximum voltage to 20%. This parameter
differentiates among hippocampal interneurons and principal cells
(Henze et al. 2002).

EEG. The EEG records were analyzed using the fast Fourier transform
utility of Datawave. Samples taken within a 30 s interval were averaged
for calculation of absolute and relative EEG power in discrete ranges
from 1 to 80 Hz as well as total power from 0 to 128 Hz.

Final placements

All recovered recording placements for individual cells (19 of 27) were
located in the dentate gyrus. Seventeen of the 19 placements were in the
granular—subgranular zone (Fig. 1 A). Three placements were recovered
in the lower blade. Three placements were recovered in the most medial
portion of the hilus. No placements were recovered in the molecular
layer. Photomicrographs illustrating biocytin ejection sites for the re-
cording placements of interneurons and a granule cell are shown in
Figure 2. Typically multiple cells were labeled near a small cloud of bio-
cytin that was taken as the recording tip. In one case, a granule cell was
exclusively labeled. Physiologically, the recorded cell at that site met the
criteria of a granule cell (Fig. 2D).

All recovered glutamate ejection placements (14 of 19 animals) were
within 500 um of the edge of the locus ceruleus and well placed to activate
locus ceruleus soma or dendrites (Fig. 1 B). Four placements were within
the locus ceruleus; another five were ventromedial to locus ceruleus in
the subcerulear area. Two placements were anteromedial to locus cer-
uleus, two were dorsal, and one was on the posterior margin (Fig. 2E).
The most distant recovered placement was in the magnocellular portion
of the medial vestibular nucleus ~400 wm ventral and 300 wm posterior
to the locus ceruleus. A photomicrograph of one ejection site indicating
the spread of the biocytin—glutamate mixture in the posterior locus cer-
uleus is shown in Figure 2.

Cells and glutamate ejection sites were not always located anatomically
because of processing difficulties with the tissue or when multiple ejec-
tions were used from the same recording pipette. When cell-recording
profiles and responses were similar to those seen at the sites identified in
Figure 1, they were included in the data analysis. Ejection sites more
remote from the locus ceruleus, as reported previously for evoked poten-
tials (Harley and Milway, 1986), did not alter cell recordings.
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Figure 2.  Photomicrographs of biocytin ejections sites in the dentate gyrus for a feedback
interneuron excited by locus ceruleus activation (A); a feedback interneuron inhibited by locus
ceruleus activation (arrowhead denotes presumed biocytin iontophoretic site) (B); a feedfor-
ward interneuron inhibited by locus ceruleus activation with presumed iontophoretic site
marked by an arrowhead (C); a granule cell excited by locus ceruleus activation (D). Scale bars:
(inA)A,B,D,20 m; (,40 wm. E, A photomicrograph for a glutamate— biocytin ejection in the
posterior locus ceruleus. The micropipette track can be seen in lower cerebellum and posterior
locus ceruleus. The black arrow indicates the locus ceruleus.

MNormalized Firing Rate

Minutes

Figure3. A, Normalized firing rate of 16 feedforward cells. Thick gray dotted lines indicate
the baseline firing rate and time of ejection. The averaged firing rate drops to ~0 shortly after
the ejection and then returns to baseline by 3 min. Thin black lines indicate SE. B, Example of a
feedforward cell. The cell discharges reliably at a current below that necessary to produce a
population spike. When the current was increased, the cell discharged earlier than the popula-
tion spike. A failure is shown in gray. Calibration: 80 .V, 2 ms.

Results

Differential regulation of dentate gyrus units by locus
ceruleus activation

Feedforward interneurons

Eighteen neurons from 13 animals were driven by perforant path
stimulation to fire in the absence of a population spike and with a
latency shorter than that of the population spike and thus were
classified as feedforward interneurons. The mean firing rate (5.6
Hz) of 16 of 18 feedforward interneurons was significantly re-
duced by glutamate ejection in the vicinity of the locus ceruleus
(Fig. 3). The two feedforward interneurons that were not signif-
icantly reduced by locus ceruleus activation decreased their firing
rates after activation but had very low and variable baseline ac-
tivity (mean firing rate = 0.02 Hz). Ten of the 18 interneurons
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Normalized Firing Rate

Minutes

Figure 4. A, Normalized firing rate of the three feedback cells excited by locus ceruleus
activation. The averaged firing rate doubles almost immediately after ejection and returns to
baseline by 3 min. Thick gray dotted lines indicate the baseline firing rate and time of ejection.
Thin black lines indicate SE. B, Normalized firing rate of two of the four feedback cells inhibited
by locus ceruleus activation. The two cells that were omitted had baseline firing rates of <1 Hz.
The averaged firing rate drops to 0 and then shows recovery of firing between 2 and 3 min. (,
Example of a feedback cell. The cell would discharge only at currents sufficient to evoke a robust
population spike. A failure is shown in gray. Calibration: 100 .V, 2 ms.

had >1% of spikes in burst events in the 5 min before glutamate
ejection (mean = 12.8%). This did not change in the 5 min after
glutamate ejection (mean = 11.5%). Narrow waveform cells (see
below, Cell sorting analysis) were unlikely to have spikes in burst
events (four of five).

Feedback interneurons

Seven neurons in seven animals were driven to fire only when cur-
rents were sufficient to evoke a population spike. Unit latencies also
exceeded that of the population spike. These neurons were classified
as feedback interneurons. Three units (mean firing rate = 8.6 Hz)
were excited by glutamate ejection into the locus ceruleus (Fig. 4).
Four units (mean firing rate = 3.9 Hz) were inhibited by locus cer-
uleus activation. The firing pattern for the two inhibited units with
baseline firing of >1 Hz is shown in Figure 4. The two units with
baseline rates <1 Hz are not included in Figure 4.

Granule cells

Two neurons in two rats were driven only when the current was
sufficient to evoke a population spike and the threshold for acti-
vating the two cells and eliciting population spikes was identical.
The firing latencies were such that firing fell during the evoked
population spike. For one recording site, the biocytin labeling
also revealed only a single granule cell (Fig. 2 D). These cells were
classified as granule cells. The granule cells had low firing rates
(mean firing rate = 0.2 Hz) and were excited strongly by locus
ceruleus activation (Fig. 5). Both of these neurons had spikes in
burst events after locus ceruleus activation (mean = 12.5%).

Autocorrelation patterns

To examine rhythmic oscillations for each cell type, autocorrela-
tions using 2—5 ms bins and varying time frames were performed
for all cells for the 5 min before and the 5 min after locus ceruleus
activation. The three feedback interneurons excited by locus cer-
uleus activation showed either an increase in or the appearance of
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Figure 5.
baseline firing rate and time of ejection. The averaged firing rate increases rapidly after ejection
and then rapidly returns to baseline. There is a suggestion of increased activity at longer time
periods. Relative firing rates are high for these cells because the baseline rate is low. Thin black
lines indicate SE. B, An example of a granule cell. The cell discharge occurs at the same current
necessary to evoke a population spike and at the same latency as the population spike. A failure
is depicted in gray. Calibration: 200 .V, 2 ms.

A, Normalized firing rate of two granule cells. Thick gray dotted lines indicate the

B or vy oscillations in the 5 min after locus ceruleus activation.
Autocorrelations for two of these cells are shown in Figure 6, A
and C. One of the four inhibited feedback interneurons showed 3
activity before and after locus ceruleus activation, although the
oscillations were smaller and slower after activation (Fig. 6 B). A
feedforward interneuron also exhibited B oscillations in the 5
min period before locus ceruleus activation. Slower oscillations
were more common with 16 interneurons showing slower oscil-
lations of ~2 Hz (nine cells) (Fig. 6 B, C,E), 3 Hz (four cells) or 4
Hz (three cells) (Fig. 6 D). These could co-occur with faster oscil-
lations, as seen in Figure 6, B or C, or occur without faster oscil-
lations. There was no consistent relationship between locus cer-
uleus activation and the occurrence of the slower oscillations.
EEG data were examined for eight cells that showed pronounced
& oscillations (1-3 Hz). There was no significant change in &
power with locus ceruleus activation. Interneurons could show a
strong increase or decrease in  oscillation after locus ceruleus
activation, but global EEGs from the same electrode did not re-
flect these autocorrelation changes. Other cells (nine), including
both granule cells and some of the inhibited feedforward and
feedback interneurons, showed no oscillatory patterns and
tended to fire at short interspike intervals of ~10 ms. This pattern
was also characteristic of oscillating cells (Fig. 6 D, F), with only
seven cells (including the three excited feedback cells) showing an
early pause (Fig. 6 A—C), rather than a peak.

Cell-sorting analysis

Two criteria were used to differentiate cells: cell width and cell
symmetry ratio. Plotting the cell width against the cell symmetry
ratio yielded three distinct clusters (Fig. 7). One cluster was dis-
tinguished by narrow action potential widths (489 * 53.6 ws)
compared with the remaining two groups (863.7 * 38.6 and
876.9 * 42.9 us; F(, 4y = 21.4; p <0.0001). Post hoc tests revealed
a difference only between narrow cells and the remaining two
clusters (Scheffé’s test; p < 0.0001). The remaining two clusters
had roughly similar cell widths, but one cluster had a symmetry
ratio of ~1 (1.02 % 0.033) and was termed symmetrical. The
symmetry ratio of the third cluster was <1 (0.66 * 0.034), indi-
cating a slow decay from peak relative to the rapid rise, and these
were termed wide cells. Narrow cells had a symmetry ratio sub-
stantially >1 (1.32 = 0.061). Analysis of symmetry ratios re-
vealed a significant main effect (F, ,,) = 62.9; p < 0.0001), with
significant differences among all three comparisons in post hoc
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ranges for 5 min before and after locus ceruleus activation by glutamate ejection (n = 18) in the
locus ceruleus. The arrow indicates glutamate ejection. The bottom right-hand graph shows the
variation in total power. Error bars indicate SE of the mean. *p << 0.05; variation over time was
significant in a repeated-measures ANOVA.

tests (Scheffé’s test; p = 0.0002). Most of the feedback cells (five of
seven) fell into the symmetrical cluster. A single feedback cell
appeared in each of the narrow and wide categories. The narrow-
est cells were predominately feedforward (five of seven cells), as
were the wide cells (eight of nine cells). Putative granule cells fell
in both the narrow and wide clusters.

EEGs in urethane-anesthetized rat

EEG modulation was assessed (n = 27) after locus ceruleus acti-
vation in 19 animals (Fig. 8). Total power was significantly de-
creased for 1.5 min after locus ceruleus activation (F(,g 455, =
2.91; p < 0.00005). Relative 6 power in the 4—8 Hz range in-
creased for 1.5 min after locus ceruleus activation (F(,9 455, =
2.61; p < 0.0005). Relative 6 power in the 8—12 Hz range de-
creased for 1.5 min after locus ceruleus activation, but this was
not significant (F;g 45¢) = 1.55; p < 0.063). Relative 8 power in
the 12-20 Hz range (F| 9 456) = 4.96; p < 0.00005), relative y power
in the 2040 Hz range (F|,9 456) = 4.56; p < 0.00005), and relative y
power in the 40—80 Hz range (F(,q 456y = 2.64; p < 0.0005) de-
creased significantly during the 2-2.5 min after glutamate infusion
in the locus ceruleus (F;9 456) = 4.96; p < 0.00005).

Discussion

Our study found that putative release of norepinephrine reduced
interneuron activity in the dentate gyrus, in contrast to previous
reports of increased interneuron activity with exogenous norepi-
nephrine. Transient inhibition was observed in all physiologically
identified feedforward interneurons. Inhibition of feedforward
inhibitory interneuron activity would enhance perforant path
input arriving concurrently, or shortly after, locus ceruleus acti-
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vation. Because novel events or changes in environmental con-
tingencies phasically and synchronously activate locus ceruleus
neurons, this circuitry provides a mechanism for amplifying po-
tentially important inputs and is consistent with an attentional
role for the noradrenergic system.

The effect of locus ceruleus activation on the smaller sample of
feedback interneurons suggests that there are at least two func-
tionally distinct populations of feedback interneurons, one ex-
cited by and one inhibited by locus ceruleus activation. Cell clus-
ter data indicate that it may be possible to use waveform
signatures, such as symmetry, to tentatively identify feedback in-
terneurons, whereas narrow and wide asymmetrical waveforms
are more typical of feedforward interneurons.

The strong increase in firing of putative granule cells is con-
sistent with the decrease of activity in feedforward interneurons,
which are likely to be inhibitory (Buzsaki, 1984). Strong granule
cell activity could then drive the excited feedback interneurons;
however, Sara and Bergis (1991) report that norepinephrine can
enhance feedback inhibition in the dentate gyrus, even when
granule cell excitability is unchanged. The subgroup of inhibited
feedback interneurons cannot be readily accounted for by an
increase in granule cell activity.

Although the dense plexus of noradrenergic fibers in the sub-
granular zone of the dentate gyrus (Blackstad et al., 1967; Loy et
al., 1980) is consistent with the hypothesized importance of in-
terneurons as a target for locus ceruleus input (Buzsaki, 1984), in
this study it is not possible to know whether the effects of locus
ceruleus activation are caused by direct or indirect consequences
of norepinephrine release. What the cellular data suggest is that
processing is altered in a regular pattern. The consistency of feed-
forward interneuron inhibition across experiments, despite vari-
ations in pipette placement and ejection volume in the locus
ceruleus, indicates that this effect may require only some thresh-
old level of locus ceruleus activation.

A previous study of the electrical stimulation effects of locus
ceruleus on presumed granule cell activity in the dentate gyrus
described inhibition of granule cells (Segal and Bloom, 1976), but
the relative high firing rates of the cells studied are also consistent
with their classification as interneurons. The use of electrical
stimulation may be another source of difference in outcome,
because electrical stimulation in the locus ceruleus area can pro-
duce effects not dependent on noradrenergic mediation (Harley
et al., 1989; Branchereau et al., 1996).

Intracellular recordings of identified granule cells after exog-
enous norepinephrine reveal a modest depolarization (Lacaille
and Schwartzkroin, 1988). This would promote cell firing and is
consistent with our findings.

Exogenous norepinephrine and evoked release of norepi-
nephrine may also differ in important ways. The iontophoretic
application of norepinephrine produces either excitation or in-
hibition at the same cell in the dentate gyrus depending on place-
ment of the iontophoretic pipette (Lacaille and Schwartzkroin,
1988). Norepinephrine also generates actions mediated by differ-
ent adrenergic receptors, depending on the route of application,
i.e., exogenous or endogenous (Curet and De Montigny, 1988).
These differences, related to route of application, may contribute
to discrepancies between present findings and previous studies
investigating interneurons. Alternatively, previous studies may
have selectively sampled from the feedback interneurons that are
excited by noradrenergic release.

The transient depression of 3 and vy oscillations in the EEG
after phasic locus ceruleus activation suggests that the coincident
inhibition of feedforward interneurons diminishes power in
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higher-frequency oscillations. Changes in the rates of interneu-
ron firing have been shown previously to modulate EEG power in
hippocampus (Nitz and McNaughton, 1999). 8 Frequency oscil-
lations are associated with driving by interactions among brain
structures (Kopell et al., 2000), which would be consistent with
the direct modulation of feedforward interneurons by entorhinal
input. y Oscillations can also be long range.

In the autocorrelations, B or vy oscillations were seen in some
of each interneuron subtype. These higher-frequency oscillations
increased with locus ceruleus activation in the excited feedback
interneuron subgroup, suggesting another differential noradren-
ergic effect on interneuron subpopulations.

Noradrenergic suppression of y waves has been described re-
cently in hippocampus in vitro, but a B-adrenergic agonist in the
same preparation enhanced v activity (LeBeau et al., 2005), con-
sistent with our observation of subpopulation differences. Be-
cause 0 power increases during the suppression of feedforward
interneurons, the excited feedback interneurons are the most
likely candidates to provide the driving force for that increase.

Previous EEG experiments using cholinergic stimulation of
locus ceruleus in halothane-anesthetized rats to evoke norepi-
nephrine release found a decrease in total EEG power and an
increase in the relative power of the 2.6 —6.8 Hz 6 range (Berridge
and Foote, 1991), similar to the changes seen here (Berridge and
Wifler, 2000). With cholinergic activation, the time course of the
EEG change closely followed increased locus ceruleus firing, last-
ing 10—15 min. In our study, effects were transient, as would be
expected with phasic locus ceruleus activation.

The noradrenergic release properties of phasic locus ceruleus
activation may account for the decreases in 8 and vy oscillations
seen here but not observed previously (except as a part of the
decrease in total power). Phasic locus ceruleus activation releases
larger amounts of norepinephrine per spike than does an increase
in tonic rate (Florin-Lechner et al., 1996).

The 4-8 Hz 6 rhythm supports 6-burst long-term potentia-
tion (Buzsaki, 2002), a quasi-naturalistic model of synaptic po-
tentiation implicated in learning and memory. Together, the pat-
tern of unit and EEG changes in the present study suggests that
phasic activation of the locus ceruleus promotes new associations
by feedforward disinhibition that enhances input and increases
granule cell depolarization and by increasing 6-mediated synap-
tic plasticity and reducing “binding” oscillations hypothesized to
stabilize older associative patterns (Csicsvari et al., 2003; Buzsaki
and Draguhn, 2004). Contingency windows for inputs would
widen and the incorporation of new or altered input into hip-
pocampal networks would be facilitated. A gating role for the
inhibition of feedforward neurons in the promotion of long-term
potentiation has been demonstrated in lateral amygdala (Bissiere
et al., 2003). A “reset” function for the locus ceruleus has also
been proposed based on the monitoring of locus ceruleus and
forebrain unit activity in awake rats during olfactory learning
(Bouret and Sara, 2004).

Seidenbecher et al. (2003) suggest that enhanced 6 rhythms
across limbic structures are critical for memory retrieval. A role
for the noradrenergic system in retrieval (Przybyslawski et al.,
1999) is consistent with the EEG changes seen here.

In awake rats exploring novel objects, an increase in the per-
forant path-evoked population spike dependent on
B-adrenoceptors is observed for ~1 min (Kitchigina et al., 1997).
This increase is likely related to phasic firing of locus ceruleus,
which accompanies novel object exploration, silencing feedfor-
ward interneurons as in this study. Rats moving into novel envi-
ronments also show dramatic and transient disinhibition of unit
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activity in hippocampus (Wilson and McNaughton, 1993), and
evoked potential parameters, such as population spike ampli-
tude, are elevated (Kitchigina et al., 1997).

We conclude that activation of the locus ceruleus by glutamate
results in multiple actions on the dentate gyrus that include but are
not limited to a decrease in feedforward inhibition, an increase in
4-8 Hz 6 rhythm, a decrease in 3 and 7y frequencies, and the pro-
motion of long-term synaptic plasticity. Together, these actions fa-
cilitate the incorporation of novel information into a new neural
representation. The activation of the locus ceruleus, specifically at
such times, reinforces the hypothesis that norepinephrine modula-
tion is part of a coordinated system to enhance behavioral adapta-
tion to new circumstances (Bouret and Sara, 2004).
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