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a b s t r a c t

Cholinergic fibers from the brainstem and basal forebrain innervate the medial prefrontal cortex (mPFC)
modulating neuronal activity and synaptic plasticity responses to hippocampal inputs. Here, we inves-
tigated the muscarinic and glutamatergic modulation of long-term depression (LTD) in the intact
projections from CA1 to mPFC in vivo. Cortical-evoked responses were recorded in urethane-
anesthetized rats for 30 min during baseline and 4 h following LTD. In order to test the potentiating
effects of pilocarpine (PILO), independent groups of rats received either a microinjection of PILO
(40 nmol; i.c.v.) or vehicle, immediately before or 20 min after a sub-threshold LTD protocol (600 pulses,
1 Hz; LFS600). Other groups received either an infusion of the selective NMDA receptor antagonist (AP7;
10 nmol; intra-mPFC) or vehicle, 10 min prior to PILO preceding LFS600, or prior to a supra-threshold LTD
protocol (900 pulses, 1 Hz; LFS900). Our results show that PILO converts a transient cortical depression
induced by LFS600 into a robust LTD, stable for at least 4 h. When applied after LFS600, PILO does not
change either mPFC basal neurotransmission or late LTD. Our data also indicate that NMDA receptor pre-
activation is essential to the muscarinic enhancement of mPFC synaptic depression, since AP7 micro-
injection into the mPFC blocked the conversion of transient depression into long-lasting LTD produced by
PILO. In addition, AP7 effectively blocked the long-lasting LTD induced by LFS900. Therefore, our findings
suggest that the glutamatergic co-activation of prefrontal neurons is important for the effects of PILO on
mPFC synaptic depression, which could play an important role in the control of executive and emotional
functions.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Behavioral flexibility in mammals can be explained, at least in
part, by the ability of their cortical circuits to undergo N-methyl-D-
aspartate receptor (NMDAR)-dependent long-term potentiation
(LTP) and depression (LTD) (Bear and Kirkwood, 1993; Buonomano
and Merzenich, 1998; Feldman, 2009; Jones et al., 1999; Martin and
Morris, 2002). In circuits connecting the hippocampus to the
cortex, changes in synaptic efficacy conveyed by LTP and LTD are
thought to be basic intercellular mechanisms for the acquisition,
consolidation and retrieval of memory traces required during
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behavioral planning and execution (Bliss and Collingridge, 1993;
Griffiths et al., 2008; Kemp and Manahan-Vaughan, 2007; Massey
and Bashir, 2007; Warburton et al., 2003; Winocur et al., 2010).
Moreover, the existence of a dynamic regulation of bidirectional
plasticity at the synapse allows the control of information transfer
and cortical processing of hippocampal inputs.

The medial prefrontal cortex (mPFC) is known to integrate
information from the hippocampus, amygdala and several sub-
cortical areas during tasks requiring working memory, behavioral
inhibition and attention (Dalley et al., 2004; Goldman-Rakic,
1995a,b; Otani, 2003; Uylings et al., 2003; Vertes, 2006). Particu-
larly, hippocampal afferents to the mPFC originate from the
temporal region of CA1 and subiculum sending direct mono-
synaptic excitatory projections to pyramidal neurons in the dorsal
and ventral divisions of the mPFC e prelimbic and infralimbic (Jay
et al., 1989; Swanson, 1981; Thierry et al., 2000). In the prelimbic

Delta:1_-
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
mailto:rnrpereira@gmail.com
mailto:rnrpereira@neuro.ufrn.br
www.sciencedirect.com/science/journal/00283908
http://www.elsevier.com/locate/neuropharm
http://dx.doi.org/10.1016/j.neuropharm.2012.09.013
http://dx.doi.org/10.1016/j.neuropharm.2012.09.013
http://dx.doi.org/10.1016/j.neuropharm.2012.09.013


C. Lopes-Aguiar et al. / Neuropharmacology 65 (2013) 143e155144
region, hippocampal synapses can express a long-lasting NMDAR-
dependent LTP, as well as, a stable form of LTD, thought to be
important for cognitive and affective functions of the mPFC
(Floresco et al., 1997; Jay et al., 1995; Laroche et al., 2000, 1990;
Takita et al., 1999). Both forms of synaptic plasticity are modulated
by a variety of neurotransmitters and behavioral tasks (Garcia et al.,
2008; Jay et al., 2004; Ohashi et al., 2003; Rocher et al., 2004; Wang
and Yuan, 2009; Wierzynski et al., 2009). In particular, septo-
hippocampal projections and afferents from the basal forebrain to
the neocortex comprise an important modulator of cognition, with
neurons in these areas showing increased firing rates during tasks
of attention shifting and rapid-eye movement (REM) sleep (Gu,
2003; Hasselmo, 2006; Lucas-Meunier et al., 2003).

We have recently shown that short-term REM sleep deprivation
impairs the late-phase maintenance of LTP in the dentate gyrus of
the hippocampus, whereas it potentiates LTP maintenance in the
mPFC, suggesting a differential regulation of hippocampal and
cortical plasticity by the cholinergic system during sleep (Romcy-
Pereira and Pavlides, 2004). In addition, muscarinic neurotrans-
mission enhances the late-phase LTP without affecting induction or
early LTP in vivo, which could promote long-lasting synaptic
changes in the cortex, potentially enhancing mPFC-dependent
memories (Lopes Aguiar et al., 2008). In order to investigate the
effects of muscarinic receptor activation on prefrontal synaptic
depression, we studied themodulatory effect of pilocarpine on sub-
threshold transient depression of fPSPs in the hippocampal-
prefrontal projections, and analyzed its interactions with the glu-
tamatergic NMDA transmission in vivo.

2. Material and methods

2.1. Subjects

Seventy-five adult male Wistar rats (250e450 g) were housed in standard
rodent cages in a colony roommaintained at 24 �C under a 12 h lighte12 h dark cycle
with free access to food and water. All procedures were performed according to the
Brazilian Council for the Control of Animal Experimentation (CONCEA) guidelines
for animal research and approved by the ethics committee at the University of São
Paulo. These guidelines abide by the National Institute of Health rules for the care
and use of Laboratory animals (NIH Publications No. 8023, revised 1978). Experi-
ments were designed to minimize the number of animals used and their suffering.

2.2. Surgery and electrophysiology setup

Rats were anesthetized with urethane (1.2e1.5 g/kg, i.p., in NaCl 0.15 M; Sigmae
Aldrich, USA) and placed in a stereotaxic frame for the implant of electrodes with
body temperature maintained at 37 � 0.5 �C by using a heating pad (Insight, Brazil).
The level of anesthesia was maintained stable by supplementary doses of anesthetic
(10% of the initial dose) and constantly checked by the tail pinch reflex, respiratory
rate and EEG. In brief, the skull was exposed and small holes were drilled (all ipsi-
lateral) to allow access to the lateral ventricle (antero-posterior, AP:�0.5mm, lateral
to midline, L: �1.3 mm, ventral to dura-mater, V: �2.53 mm); mPFC (AP: þ3.0 mm,
L: �0.5 mm, V: �3.1 to �3.4 mm) and dorsal-posterior region of CA1 (AP: �5.7 mm,
L: �4.6 mm, V: �2.0 to �2.5 mm), according to Paxinos and Watson (2007). An
additional contralateral hole was drilled to implant a recording ground micro-screw
over the parietal cortex and all signals were referenced to it. A stainless-steel guide
cannula (23 gauge), directed to the lateral ventricle, was inserted through a burr hole
made on the skull and fixed into the bone with dental acrylic resin. The tip of the
cannula was positioned 1 mm above the target injection site.

Teflon-insulated tungsten wires (60 mm diameter) were used to prepare stim-
ulating and recording electrodes. A twisted bipolar electrode (vertical tip separation
500 mm) was used for constant current stimulation of CA1 and a single monopolar
electrode was used to record field post-synaptic potentials (fPSP) in the prelimbic
region of themPFC. Both electrodes were lowered into the brain through holes made
on the skull after removing the dura-mater. Their final positions were adjusted to
obtain the highest negative-going response in the mPFC with latency to the first
negative peak of 15e17 ms and amplitude �250 mV (Jay et al., 1995; Laroche et al.,
1990; Lopes Aguiar et al., 2008). Monophasic test pulses (200 ms duration) were
delivered every 20 s at increasing intensities (60e500 mA) and the resulting fPSPs
were used to calculate inputeoutput curves for each animal (S88 stimulator; Grass
Instruments Co.). Based on these curves, we calculated the minimum intensity
necessary to produce maximummPFC fPSP responses and used 70% of this intensity
to stimulate CA1 during baseline, low-frequency stimulation (LFS) and post-LFS
recordings. Baseline fPSPs were recorded for 30min before LFS inductionwith single
test pulses of 200 ms duration, every 20 s. After LFS, fPSP recordings continued for
240 min to evaluate the dynamics of mPFC responses. LFS protocols used were:
LFS600 (a sub-threshold protocol, induced by 600 trains of low frequency pulses)
reported to promote a transient form of synaptic depression in the mPFC; and
LFS900 (a supra-threshold protocol, induced by 900 trains of low frequency pulses)
capable of producing a stable long-term depression (Takita et al., 1999). In both
protocols, each train consisted of five pulses of 200 ms duration at 250 Hz, delivered
every second. fPSPs were recorded after amplification and band-pass filtering
(gain ¼ 100�, 0.03e3 kHz; P55-AC pre-amplifier, Grass Instruments Co.), and
subsequently digitized at 10 kHz (PowerLab/16S; Scope-AD Instruments). In order to
test the muscarinic and NMDA modulation of cortical plasticity, we implanted
a chemitrode (an electrode-cannula unit) into the mPFC for simultaneous drug
injection and electrophysiological recording. Microinjections were carried out with
a 30-gauge needle connected to a 10 mL-microsyringe (Hamilton Company, Reno,
Nevada, USA) via polyethylene tubing. The needle was inserted into a 23-gauge
guide cannula to deliver 1 mL (for i.c.v. injection) or 0.4 mL (for injection intra-
mPFC) of drug over a period of two minutes. In order to control for spontaneous
desynchronization before PILO, we monitored LFPs during this time and carried out
the microinjections only when LFPs had predominantly delta waves for at least
2 min.

2.3. Long-term depression experiments

In order to study the pharmacological modulation of synaptic depression in the
CA1emPFC pathway, four experiments were carried out. Experiment I e tested the
effects of pre-administration of PILO on transient depression induced by LFS600.
Animals received an intracerebroventricular (i.c.v.) microinjection of PILO (40 nmol/
mL in artificial cerebrospinal fluid, aCSF, 1 mL i.c.v., group: PILO þ LFS600) or Veh
(aCSF; group: Vehþ LFS600) just before LFS600. aCSF had the following composition
(in mM): 2.7 KCl, 1.2 CaCl2, 1 MgCl2, and 135 NaCl, pH 7.3, at room temperature
(25 � 0.5 �C). In addition, control groups assessed the effects of aCSF and PILO on
basal mPFC fPSPs without LFS. Animals received a microinjection of PILO (40 nmol/
mL in aCSF, 1 mL, i.c.v., group: PILO) or Veh (aCSF; group: Veh) after 30 min of baseline
recordings, and fPSPs were monitored for additional 240 min. Experiment II: tested
the effects of PILO administration following LFS600. Animals received a microin-
jection of PILO (40 nmol/mL in aCSF, 1 mL, i.c.v., group: LFS600 þ PILO) or Veh (aCSF;
group: LFS600þ Veh) 20min after LFS600. Experiment III: tested the involvement of
NMDA receptors in the muscarinic modulation of prefrontal depression. Animals
received a microinjection of the competitive NMDA receptor antagonist, AP7
(10 nmol/mL in NaCl 0.15 M; 0.4 mL intra-mPFC; group: AP7 þ PILO þ LFS600) or Veh
(NaCl 0.15 M; group: Veh þ PILO þ LFS600) 10 min before PILO (40 nmol/mL in aCSF,
1 mL, i.c.v.) and then received LFS600. Experiment IV: tested the effect of NMDA
receptor inactivation on the LTD induced by LFS900. Animals received a microin-
jection of AP7 (10 nmol/mL in NaCl 0.15 M, 0.4 mL, intra-mPFC, group: AP7 þ LFS900)
or Veh (NaCl 0.15 M, group: Veh þ LFS900) 10 min before LFS900 protocol. LTD was
calculated as percentage of baseline levels measured during the first 30 min of
baseline for each group. In each experiment, synaptic depression was evaluated by
comparing 10-min averaged fPSPs (amplitude and slope values) during baseline and
following LFS. Baseline recordings were identified as BL1: 0e10 min; BL2: 10e
20 min and BL3: 20e30 min.

2.4. Local field potential recordings and analysis

Local field potentials (LFPs) were recorded in CA1 and mPFC through the same
electrodes used to induce and record LTD, in order to monitor oscillatory brain
activity during drug injections. In a pilot study, we defined the dose of PILO
necessary to disrupt LFP delta oscillations in the hippocampus and mPFC long
enough to last the LFS protocol (w15 min; Fig. 1A). In all the experiments, hippo-
campal and cortical LFPs were recorded for 6 min divided into 3 blocks of 2 min:
before, during and after i.c.v. microinjections. For analysis, LFPs were initially down
sampled (decimation to 500 Hz) and low-pass filtered (0.5e100 Hz). Welch’s power
spectral densities were estimated for epochs of 10 s, using a 625 s-points Hanning
window, after averaging periodograms calculated from eight sections with 50%
overlap. In addition, normalized power spectra in delta (0.5e4 Hz), theta (4e12 Hz),
beta (12e30 Hz), gamma (30e80 Hz) as well as 25e45 Hz and 80e100 Hz bands
were calculated using custom-made Matlab scripts (The MathWorks, Natick, MA).
Signal power at 58e62 Hz was excluded from the spectra due to 60 Hz-noise
contamination. Integrated power spectra at these bands were compared to evaluate
the effect of PILO on CA1 and mPFC oscillatory activity. For time-frequency power
spectrum calculation and coherence analysis, we used the mtspscgramc, cohgramc
and coherencyc scripts from Chronux package, which calculate the moving window
power spectrum, the averaged time-frequency multi-taper coherence and averaged
coherence between two continuous signals (mPFC and CA1) with jackknife esti-
mated 95% confidence interval, respectively (Bokil et al., 2010). Chronux parameters
used: (movingwin ¼ [6 1], fpass ¼ [0 100], tapers ¼ [3 5], err ¼ [2 0.05], trialave¼ 1,
pad¼ 0). To compare coherence values at different frequency bands of Veh and PILO
groups we used Student’s paired t-test on z-transformed coherences.



Table 1
Descriptive statistics of mPFC evoked responses (fPSPs) obtained during baseline
recordings in the absence of any drug. No statistical differences were observed
among paired groups. Student’s t-test was used to test statistical significance and
data are shown as mean � S.E.M.

Groups Amplitude (mV) Slope (mV/ms) Latency (ms)

PILO þ LFS600 0.33 � 0.03 e57.19 � 4.80 15.86 � 0.44
Veh þ LFS600 0.37 � 0.04 e64.75 � 5.23 16.14 � 0.32
Veh 0.29 � 0.03 �53.90 � 5.39 15.63 � 0.52
PILO 0.38 � 0.03 e65.65 � 7.02 15.50 � 0.34
LFS þ PILO 0.32 � 0.01 �61.87 � 2.66 15.13 � 0.23
LFS þ Veh 0.36 � 0.04 �65.77 � 6.33 14.99 � 0.38
AP7 þ PILO þ LFS600 0.26 � 0.02 e42.73 � 3.70 16.54 � 0.46
Veh þ PILO þ LFS600 0.28 � 0.03 �47.93 � 7.30 17.05 � 0.22
AP7 þ LFS900 0.29 � 0.02 �56.01 � 4.36 15.17 � 0.40
Veh þ LFS900 0.27 � 0.03 e48.91 � 6.02 15.27 � 0.37

Fig. 1. Concentration-dependent effect of PILO on hippocampus and mPFC oscillatory activity during urethane anesthesia. A, Integrated power spectrum analysis at delta (0.5e
4 Hz), theta (4e12 Hz), beta (12e30 Hz) and gamma (30e80 Hz) bands of a representative animal before and after drug administration (10, 20 and 40 nmol/mL; 1 mL; i.c.v.). LFPs
were continuously recorded in the hippocampus and mPFC following microinjections of PILO at different concentrations for a total time of 2 h. Note that PILO suppressed slow
waves and enhanced fast oscillations. B, Above, latency and duration of PILO effect (n ¼ 5). Below, representative LFP tracings before and after PILO injection. Data are shown as
mean � S.E.M. Statistical difference was determined by one-way ANOVA followed by Bonferroni post-hoc test. *p < 0.05, vs. PILO10 and PILO20.
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In order to evaluate the relationship between the level of synchronization
induced by PILO and the magnitude of mPFC synaptic depression, we calculated
correlation coefficients between LFP power spectra at individual frequency bands
following Veh or PILO injection and the averaged amplitude of cortical fPSPs 0e
30 min and 30e60 min after LFS600. We used 128-s LFP epochs recorded in the
CA1 and mPFC from 27 animals belonging to VeheLFS (n ¼ 7), PILOeLFS (n ¼ 7),
VehePILOeLFS (n ¼ 6) and AP7ePILOeLFS (n ¼ 7) groups. Correlation coefficients
and 95% prediction intervals were calculated with home-written Matlab routines.

2.5. Histology for electrode positioning determination

After the experimental procedures, all animals received a brief current pulse
(1 mA/1 s) through the stimulating and recording electrodes to mark tip placement
by electrolytic lesion. Then, they received an additional dose of urethane (1.5 g/kg,
i.p. in NaCl 0.15 M) and were decapitated. Their brains were removed, post-fixed in
10% formaldehyde-saline solution for 14 h at 4 �C and cryoprotected for 48 h in 20%
sucrose solution (sucrose in 0.1 M sodium phosphate buffer pH 7.4). After freezing in
dry ice-chilled isopentane, the brains were cut in 30 mm slices, mounted on gelati-
nized slides and processed for cresil violet staining. Electrode tip positions and
cannula tracts were determined after analysis of the slides under a microscope using
bright field (BX-60 Olympus, USA).

2.6. Statistical analysis

Two parameters of mPFC evoked responses (fPSPs) were analyzed: the ampli-
tude of the negative deflection with latency at 15e17 ms, measured from the
baseline after the stimulus artifact to the negative peak; and the slope of the fPSP,
measured as the slope between two points in the descending curve of the fPSPe one
at 1/4 and the other at 3/4 of its length. We used Student’s t-test to compare baseline
fPSP parameters between pairs of groups in each experiment. Analysis of group
differences following LFS was carried out using a mixed model two-way ANOVA for
repeated measures (group: fixed factor vs. time: repeated measures). Baseline fPSP
data and power spectrum differences in themPFC and CA1were analyzed using one-
way ANOVA for repeated measures and Student’s t-test. For coherence analysis, we
tested using two-way ANOVA for repeated measures and Student’s paired t-test
followed by Bonferroni correction. Bonferroni post-hoc tests were used following
ANOVAs when necessary. Pearson’s correlation coefficient followed by Student’s t-
test was used to test the correlation significance. Data are expressed as mean � SEM
(standard error of the mean) and significance level was set to 0.05.
3. Results

All animals included in our analysis had stimulating electrodes
positioned in the dorsal aspect of the posterior CA1 area and
recording electrodes positioned in the medial wall of the prefrontal
cortex, corresponding to the prelimbic area of the mPFC. Metal
cannulaewere positioned 1mm above the lateral ventricle with the
microinjection needle reaching the target area. Reliable field
evoked responses in the mPFC were obtained after CA1 stimulation
and consisted of a negative deflection with average latency of
15.73 � 0.2 ms, amplitude of 320 � 10 mV and slope of �56.47 �
2.5 mV/ms, as previously reported (Laroche et al., 1990; Lopes
Aguiar et al., 2008; Romcy-Pereira and Pavlides, 2004). Table 1
shows the parameters of baseline cortical fPSPs measured for all
experimental groups. No significant differences were detected in



C. Lopes-Aguiar et al. / Neuropharmacology 65 (2013) 143e155146
the average latency, amplitude or slope of the fPSPs between
groups (Student’s t-test, p > 0.05).

In a pilot study with 5 animals, CA1 and mPFC oscillatory activ-
ities were monitored continuously during 120 min in order to
determine the latency and duration of the cholinergic theta
synchronization after i.c.v. microinjection of different concentra-
tions of PILO (10, 20 and 40 nmol/mL). Fig. 1A and B shows the
concentration-dependent effect of PILO on hippocampus and mPFC
oscillations. At higher concentrations, PILO dampened the
urethane-associated delta more efficiently, as seen by the reduction
in the latency to block the urethane-associated delta state (Fig. 1B)
and concomitant increase in the duration of the delta power
suppression. The decrease in delta was associated to an increase in
theta, beta andgammaoscillations observed inCA1andmPFC. In the
hippocampus, beta and gamma oscillations showed an apparent
higher increase as compared to the mPFC (Fig. 1A). This pattern of
oscillatory changes was observed in all groups that received PILO
(Fig. 2). At the highest concentration studied, 40 nmol/mL, PILO
significantly shifted the LFP power balance from a state of
predominant urethane-driven delta oscillations (0.5e4 Hz) to
a state enriched in higher-frequencies (>4-Hz), for a period of time
long enough to match the duration of the LFS protocol used to
induce LTD (w15 min; Fig. 1B). Therefore, we chose this concen-
tration of PILO to be used in our experiments. In addition, to certify
that spontaneous desynchronized states initiated before PILO
injection did not interfere with the interpretation of our data, we
compared the power spectra at different bands of all groups before
PILO. Our results did not show any difference between the groups
(data not shown: mean of relative delta, theta, beta and gamma
power for mPFC and Hippo; one-way ANOVA, p > 0.05).

Fig. 2 shows the power spectrum analysis of LFPs recorded from
Veh- and PILO-treated animals. As we can see, both groups had
similar power spectra in CA1 and mPFC prior to PILO administra-
tion (two-way ANOVA, p > 0.05, Fig. 2A1eB1). Following PILO, we
readily observed that both areas underwent a global upward shift
in their power spectra counteracting the slow wave state induced
by urethane (two-way ANOVA, p < 0.05, Fig. 2A1eB1). We quan-
tified the changes in four frequency bands and observed a clear
suppression of delta (mPFC: t(28) ¼ 2.92, p < 0.05; CA1:
t(28) ¼ 3.48, p < 0.05) and increase in theta (mPFC: t(28) ¼ 2.30,
p < 0.05; CA1: t(28) ¼ 3.62, p < 0.05), beta (mPFC: t(28) ¼ 2.87,
p < 0.05; CA1: t(28) ¼ 1.89, p > 0.05) and gamma (mPFC:
t(28) ¼ 2.35, p < 0.05; CA1: t(28) ¼ 3.06, p < 0.05) oscillations
following the muscarinic activation (Fig. 2A1eA3 and Fig. 2B1eB3).

In order to measure the effect of PILO on the oscillatory coupling
between CA1 and mPFC, we also calculated the coherence of LFP
epochs recorded before and after microinjection. Significant group
effect (Veh vs. PILO) was detected only for coherences in the 25e
45 Hz band (F(1,28) ¼ 4.92, p < 0.05; two-way ANOVA) and 80e
100 Hz band (F(1,28) ¼ 5.47, p < 0.05). Paired t-test followed by
Bonferroni correction showed that after PILO administration there
was a significant decrease in hippocampo-cortical coherence in
delta (0.5e4 Hz; t(19) ¼ 3.70, p < 0.01) and 80e100 Hz band
(t(19) ¼ 3.07, p < 0.01), as well as an increase in coherence in the
25e45 Hz band (t(19) ¼ 3.28, p < 0.01; Fig. 3). In Veh-treated
animals, we did not detect any significant change in coherence
(Student’s paired t-test, p > 0.05).

3.1. Muscarinic receptor activation converts sub-threshold transient
depression induced by LFS600 into a long-lasting LTD in the mPFC
in vivo

Wetested theeffect of brainmuscarinic activationon the transient
depression of mPFC responses induced by sub-threshold CA1 stimu-
lation byapplying PILO (40nmol; i.c.v.) before LFS600 andmonitoring
prefrontal fPSPs for 4 h. Fig. 4 shows that PILO converted the transient
depression induced by LFS600 stimulation into a robust long-lasting
LTD with average duration of 4 h. PILO produced an average
decrease of 18% in mPFC fPSP amplitude over the entire recording
session (4 h) (PILO þ LFS600 vs. Veh þ LFS600: fPSP amplitude,
F(1,23)¼ 8.64, p< 0.05); fPSP slope, F(1,23)¼ 5.53, p< 0.05; two-way
ANOVA for repeatedmeasures, Fig. 4AeD). Both the induction (þ12e
14%; PILO þ LFS600 vs. Veh þ LFS600; fPSP amplitude: first 30 min
post-LFS600, p < 0.05; fPSP slope: first 30 min post-LFS600,
p < 0.05; Student’s t-test) and the maintenance of synaptic depres-
sion were potentiated by pre-LFS muscarinic activation as compared
to Veh-injected control group (þ18 to þ27%; PILO þ LFS600 vs.
Veh þ LFS600; fPSP amplitude: 60e210 min post-LFS600, p < 0.05;
fPSP slope: 70e150 min post-LFS600, p < 0.05; ANOVA followed by
Bonferroni post-hoc test, Fig. 4A and B). Fig. 5 shows that PILO by
itself did not change the magnitude of basal synaptic transmission
in the CA1-mPFC pathway as compared to control (PILO vs. Veh:
fPSP amplitude, F(1,23) ¼ 0.03, p > 0.05; fPSP slope,
F(1,23) ¼ 0.02, p > 0.05; two-way ANOVA for repeated measures).

3.2. Post-LFS600 muscarinic receptor activation has little effect on
sub-threshold transient depression in mPFC

In order to evaluate the time-dependence effect of PILO on the
enhancement of mPFC synaptic depression, we microinjected
PILO 20 min after CA1 LFS600 stimulation. Our results show that
post-LFS PILO administration does not change the amplitude of
prefrontal responses following LFS600, as compared to the control
group. There was no statistically significant effect on fPSP ampli-
tude or fPSP slope between LFS600 þ PILO and LFS600 þ Veh
groups (Fig. 6AeD); LFS600 þ PILO vs. LFS600 þ Veh: fPSP ampli-
tude, F(1,23) ¼ 2.35, p > 0.05); fPSP slope, F(1,23) ¼ 2.04, p > 0.05;
two-way ANOVA for repeated measures). Both the induction and
the maintenance of the synaptic depression were unaffected by
post-LFS muscarinic activation (see also Fig. 7).

3.3. NMDAR blockade impairs the muscarinic facilitation of mPFC
synaptic depression

In order to investigate the involvement of NMDA-dependent
mechanisms on the muscarinic modulation of mPFC synaptic
depression, we applied AP7 (10 nmol/mL; 0.4 mL) directly into the
mPFC of rats, 10 min before the injection of PILO or Veh. Fig. 8
shows that blocking NMDAR in the mPFC altered the modulatory
effect of PILO on prefrontal synaptic plasticity. AP7 prevented
PILO from converting the transient depression induced by LFS600
into long-lasting LTD (�13%, AP7 þ PILO þ LFS600 vs. Veh þ
PILOþ LFS600: fPSP amplitude, F(1,23)¼ 4.83, p< 0.05); fPSP slope,
F(1,23) ¼ 6.46, p < 0.05; two-way ANOVA for repeated measures,
Fig. 8C and D). AP7 attenuated LTD induction and impaired the
late-phase enhancement of transient depression (�16 to �22%;
AP7 þ PILO þ LFS600 vs. Veh þ PILO þ LFS600; fPSP amplitude:
170e240minpost-LFS600, p< 0.05; fPSP slope: 130e240min post-
LFS600, p < 0.05; Fig. 8C).

Although PILO had a conspicuous overall effect of reducing delta
and promoting >4-Hz oscillations in Veh- and AP7-treated rats
(Fig. 8A and B), the prior application of AP7 seems to have partic-
ularly attenuated the >4-Hz-promoting effect of PILO in the mPFC
as compared to the hippocampus (Fig. 8B). AP7 also reduced PILO-
induced power peaks at w5 Hz in the mPFC (p < 0.05, Student’s t-
test) and w9 Hz in CA1 (p < 0.05, Student’s t-test; Fig. 8B, inset),
suggesting that oscillatory changes due to intra-mPFC AP7were not
restricted to the mPFC as expected.

Moreover, the sole effect of AP7 in the absence of PILO, i.e. before
PILO injection, showed that blocking NMDAR in the mPFC induces



Fig. 2. Power spectrum analysis of LFPs recorded during the experiments. LFPs in the mPFC (A) and hippocampus (B) following injection of PILO (40 nmol/mL; 1 mL, i.c.v.) and Veh
(aCSF; 1 mL, i.c.v.). Above, Representative tracings recorded before (0e10 s), during (120e130 s) and after (360e370 s) drug injection. Group averaged power spectra calculated from
10 s-epochs recorded before and after PILO administration (A1eB1) and averaged time-frequency spectra around injection time (A2eB2; yellow vertical line represents the end of
drug microinjection) shows the effects of PILO. A3eB3, Relative power spectra calculated for Veh and PILO animals. Significant differences between groups are indicated by the
horizontal black bar in each graph and illustrated in the bar graph on the left (Veh, n ¼ 10; PILO, n ¼ 20). Vertical lines define time windows before, during and after PILO
microinjection. Noise power (58e62 Hz) was removed from plots. Data are shown as mean � S.E.M. Differences were tested using Student’s t-test, *p < 0.05, vs. Veh group.
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Fig. 3. Spectral coherence between the mPFC and the hippocampus following Veh and PILO microinjections (Veh, n ¼ 10; PILO, n ¼ 20). AeB (above), Averaged coherograms
illustrate changes in mPFC-Hippo coherence after Veh and PILO microinjections, respectively. Shaded area represents time during drug injection. Color-coded coherence values
represent values above threshold determined by a jack-knife 95% confidence interval. Middle, Coherence calculated in a 128 s-window before (0e128 s; black bar in the coherogram)
and after (336e464 s; red bar in the coherogram) the microinjections. Green line depicts 95% confidence interval. Below (bar graph), In animals that received PILO, we observed
a significant increase in the 25e45 Hz band coherence (p < 0.05), and a decrease in delta (0.5e4 Hz; p < 0.05) and 80e100 Hz band coherences (p < 0.05) as we compared
coherences before and after drug injection. In controls, no significant differences were observed after Veh administration. Data are shown as mean � S.E.M. Differences were tested
using Student’s paired t-test followed by Bonferroni correction, *p < 0.05, before vs. after injection.
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an increase in delta (mPFC: F(1,137) ¼ 56.16, p < 0.05; CA1:
F(1,137) ¼ 28.81, p < 0.05) and a reduction in oscillations >4-Hz
(p < 0.05, two-way ANOVA; Fig. 8B) both in CA1 and mPFC as
compared to control animals (Fig. 8B).

3.4. NMDAR antagonism impairs LTD induced by LFS900 in the
mPFC

In the mPFC, long-lasting LTD can be induced by applying 900
pulses of LFS in the hippocampus in the absence of PILO. Here, we
decided to test whether the same concentration of AP7 used to
block the long-lasting LTD induced by sub-threshold stimulation in
the presence of PILO could also impair LTD induced by LFS900. In
this experiment, we applied AP7 directly into the mPFC (10 nmol/
mL; 0.4 mL) 10 min before LFS900 stimuli. Fig. 9 shows that AP7
applied into the mPFC strongly impairs the expression of LFS900-
induced cortical LTD (�13%, AP7 þ LFS900 vs. Veh þ LFS900: fPSP
amplitude, F(1,23) ¼ 7.06, p < 0.05); fPSP slope, F(1,23) ¼ 7.09,
p< 0.05; two-way ANOVA for repeatedmeasures, Fig. 9D). Post-hoc
analysis showed that AP7 blocked both the induction and the
maintenance of the LFS900-induced LTD in the mPFC in vivo
(�18 to �25%; AP7 þ LFS900 vs. Veh þ LFS900; fPSP amplitude:



Fig. 5. PILO does not affect basal synaptic transmission in the mPFC. AeB, PILO microinjection did not affect basal fPSPs recorded in the mPFC when measure by the amplitude and
slope of fPSPs. C, Experimental design showing representative fPSPs recorded in the mPFC during baseline (30 min) and monitored for additional 240 min after PILO (40 nmol/mL;
i.c.v.) or Veh (aCSF) microinjection. Representative fPSPs are shown aligned to the time scale of the experimental paradigm (black line: PILO group; dashed line: Veh control group).
D, Averaged effect of PILO on basal mPFC fPSPs. PILO did not change significantly the magnitude of cortical fPSPs. Data are shown as mean � S.E.M. Statistical analyses were
calculated by two-way ANOVA with repeated measures.

Fig. 4. Muscarinic pre-activation enhances the effects of sub-threshold LFS (LFS600) inducing a long-lasting cortical LTD. AeB, Microinjection of PILO immediately before LFS600
enhances the transient depressionof synaptic responses in themPFC asmeasuredby the fPSP amplitude and slope. C, Experimental design showing representative fPSPs recorded in the
mPFC during baseline (30 min) and monitored for additional 240 min after sub-threshold LFS. PILO (40 nmol; i.c.v.) or Veh (aCSF) were microinjected just before LFS600 protocol.
Representative fPSPs are shownaligned to the time scale of the experimental paradigm (black line: PILOþ LFS600 group; dashed line: Vehþ LFS600 control group). D, Averagedeffect of
PILO onmPFC fPSPs following LFS. PILO pre-treatment significantly enhances synaptic depression promoting an overall LTD effect when compared to control group. Data are shown as
mean � S.E.M. Group differences were calculated by two-way ANOVAwith repeated measures followed by Bonferroni post-hoc test: *p < 0.05 vs. control group.
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Fig. 6. Muscarinic post-activation does not affect significantly mPFC responses to sub-threshold LFS. AeB, Microinjection of PILO 20 min after LFS600 did not change cortical
responses as measured by fPSP amplitude and slope. Although slightly reduced responses were observed, no group effect was detected using a two-way ANOVA with repeated
measures. C, Experimental design showing representative fPSPs recorded in the mPFC during baseline (30 min) and monitored for additional 240 min after sub-threshold LFS. PILO
(40 nmol/mL; i.c.v.) or Veh (aCSF) were microinjected 20 min after LFS600 protocol. Representative fPSPs are aligned to the time scale of the experimental paradigm (black line:
LFS600 þ PILO group; dashed line: LFS600 þ Veh control group). D, Averaged effect of PILO following LFS600 as compared to control group. Data are shown as mean � S.E.M.

Fig. 7. A, Comparison of the effects of pre-LFS600 and post-LFS600 application of Veh (NaCl 0.15 M) on prefrontal cortex synaptic depression. B, Comparison of the effects of pre-
LFS600 and post-LFS600 application of PILO (40 nmol/L) on prefrontal cortex evoked responses.
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Fig. 8. NMDAR antagonist, AP7 prevents the enhancement of synaptic depression induced by PILO following sub-threshold LFS. A, Representative LFP tracings from the hippo-
campus and mPFC before and after drug microinjection in a Veh- and AP7-treated animal. Expanded LFPs are shown in the insets. Vertical black bars indicate onset and offset of PILO
i.c.v. microinjection. B, Group averaged power spectra calculated from 10 s-epochs recorded in the mPFC and Hippo before and after PILO administration in Veh- and AP7-treated
animals. PILO significantly decreased delta and increased >4 Hz oscillations in both Veh and AP7 groups (all frequency bands: ANOVA, p < 0.05). Preceding PILO injections, AP7 had
the opposite effect on oscillations as compared to Veh controls. Noise power (58e62 Hz) was removed from plots. C, Experimental design showing fPSPs recorded in the mPFC
during baseline (30 min) and monitored for additional 240 min after weak LTD induction. AP7 (10 nmol/mL; intra-mPFC) or Veh (NaCl 0.15 M) were applied 10 min prior to PILO
(40 nmol/mL; i.c.v.). Representative fPSPs are aligned to the time line of the experimental paradigm (solid line: AP7 þ PILO þ LFS600 group; dashed line: Veh þ PILO þ LFS600 control
group). Below, Time-course of cortical evoked responses. Intracortical application of AP7 prior to PILO i.c.v. microinjection prevented the long-lasting depression of synaptic
responses induced by muscarinic pre-activation. D, Averaged effect of AP7 on mPFC synaptic responses following PILO þ LFS600. Data are shown as mean � S.E.M. Group differences
were calculated by two-way ANOVA with repeated measures followed by Bonferroni post-hoc test: #p < 0.05 vs. control group.
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Fig. 9. AP7 blocks long-lasting LTD induced by a supra-threshold LFS (LFS900). AeB, Time-course of cortical evoked responses following intracortical microinjection of AP7. C,
Experimental paradigm showing fPSPs recorded in the mPFC during baseline (30 min) and monitored for additional 240 min after supra-threshold LFS. AP7 (10 nmol/mL; 0.4 mL
intra-mPFC) or Veh (NaCl 0.15 M) were applied 10 min before LFS900. Representative fPSPs are aligned to the time scale of the experimental paradigm (black line: AP7 þ LFS900
group; dashed line: Veh þ LFS900 control group). D, Averaged effect of AP7 treatment on mPFC LTD. Data are shown as mean � S.E.M. Group differences were determined by two-
way ANOVA with repeated measures followed by Bonferroni post-hoc test: *p < 0.05 vs. control group.
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40e210 min post-LFS600, p < 0.05; fPSP slope: 50e160 min post-
LFS600, p < 0.05; Bonferroni post-hoc test, Fig. 9A and B).
Although a delayed decay of mPFC responses have been observed in
the last hour of recording, the post-hoc test showed no statistical
differences in the AP7 þ LFS900 intra-group analysis, indicating no
LTD effect (comparisons: 10e240 min after LFS900 counter the
baseline: BL1, BL2 and BL3; p > 0.05, Bonferroni).

3.5. Magnitude of gamma oscillation correlates to mPFC synaptic
depression

In order to test whether the level of synchronization induced by
PILO was correlated to the magnitude of LTD induction, we calcu-
lated linear correlation between LFP power spectra at different
frequency bands following Veh or PILO injection and the amplitude
of cortical fPSPs following a sub-threshold LTD stimulation
protocol. All animals (n ¼ 27) in the groups Veh-LFS600, PILO-
LFS600, Veh-PILO-LFS600 and AP7-PILO-LFS600 were used. Our
results show that gamma oscillations in the mPFC and hippo-
campus are significantly correlated to the amplitude of prefrontal
fPSPs following LFS600 (mPFC: r ¼ �0.41, p ¼ 0.03; Hippo:
r ¼ �0.55, p < 0.01; Fig. 10). The higher the gamma power induced
by drug microinjection, the lower the synaptic responses in the
mPFC (i.e. higher levels of synaptic depression) following LFS. We
also observed that theta power in the hippocampus, but not in the
mPFC, was negatively correlated to the amplitude of cortical fPSPs
(r ¼ �0.56; p < 0.01). Delta and beta oscillations showed no
correlation to cortical responses following LFS600 (Fig. 10).

4. Discussion

Numerous studies support the fact that cholinergic afferents to
the frontal cortex mediate sustained attention, working memory
and perceptual processing, which can be dysfunctional in many
psychiatric disorders. Since themPFC is a major cortical target of the
hippocampal information outflow, studies on the synaptic modu-
lation of CA1emPFC circuitry may provide new insights about the
mechanisms involved in cognitive, motivational and emotional
impairments observed in these disorders. Here, we investigated in
urethane-anesthetized rats, the modulatory effect of the muscarinic
agonist PILO, on CA1emPFC synaptic plasticity induced by sub- and
supra-threshold low-frequency stimulation. We provide a first
evidence of the muscarinic enhancement of synaptic depression in
the mPFC following sub-threshold stimulation of CA1 inputs, the
dependency of this effect on NMDA activation and the significant
positive correlation between hippocampus and mPFC gamma
power and prefrontal synaptic depression.

Our data show that PILO converts a transient cortical depression
induced by sub-threshold LTD protocol (LFS600) into a robust LTD,
stable for at least 4 h. Besides, we demonstrate that cortical NMDAR
activation is involved in the muscarinic enhancement of mPFC
synaptic depression, since AP7 microinjection into the mPFC
blocked the conversion of transient depression into long-lasting
LTD produced by PILO. Additionally, we observed that: (1) PILO
does not affect mPFC responses when applied after LFS600; (2) LTD
induced by supra-threshold protocol (LFS900) is also dependent on
NMDAR activation; (3) PILO by itself does not alter basal synaptic
transmission in the hippocampusemPFC circuit; and (4) the
muscarinic activation induced by PILO (40 nmol) produced a rapid
and persistent displacement of slow-wave (0.5e4 Hz) by fast
oscillations (5e80 Hz), which resulted in a significant negative
correlation between the amplitude of prefrontal fPSPs after drug
application and the hippocampal and mPFC gamma powers. Alto-
gether, our findings suggest an important modulatory effect of
the muscarinic neurotransmission on prefrontal-cortical synaptic
plasticity and indicate the existence of a limited temporal window



Fig. 10. The magnitude of theta and gamma oscillations negatively correlate with mPFC synaptic responses following LFS600. Linear correlation between integrated power
spectrum at distinct frequency bands showed a significant negative correlation between averaged mPFC fPSPs 30 min after sub-threshold LFS and the hippocampus theta (4e12 Hz)
and gamma (30e80 Hz) power, as well as the cortical gamma power. Dashed lines indicate 95% prediction interval.
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for the effective modulation of PILO that requires NMDAR activation.
Finally, the muscarinic conversion of transient cortical depression
(induced by LFS600) into a robust LTD, shares similar NMDAR
dependency with the LTD induced by supra-threshold protocol.

Prefrontal synaptic plasticity, expressed as LTP or LTD, can be
induced or modulated by different neurotransmitter systems
through a great diversity of receptors (Del Arco and Mora, 2009;
Goto et al., 2010). In particular, the cholinergic system has an
important role in cognitive processes mediated by the mPFC,
though it has been less explored experimentally. In a previous
report, we showed that PILO produced a significant enhancement
of mPFC responses expressed 2 h after tetanic stimulation of CA1
in vivo. This was interpreted as a positive muscarinic effect on LTP
maintenance instead of LTP induction, which could influence the
information processing in the mPFC (Lopes Aguiar et al., 2008).
Nonetheless, we showed here that PILO converted a sub-threshold
transient depression induced by LFS600 into a long-lasting LTD. In
fact, the robust synaptic depression induced by PILO followed by
LFS600 contrasts with its enhancing effect on LTP following high-
frequency stimulation. Such asymmetry in prefrontal responses to
hippocampal HFS and LFS may represent an important modulatory
switch for cortical synaptic plasticity during different brain
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activation states. As a consequence, high CA1 firing rates under
muscarinic activation would enhance the late-phase of LTP in the
mPFC, whereas low firing rates under muscarinic activation would
induce a robust and long-lasting depression of cortical synaptic
responses. Although we cannot rule out indirect effects of PILO on
brain circuits modulating prefrontal function (Gurden et al., 2000;
Huang and Hsu, 2010; Kruse et al., 2009; Ohashi et al., 2003; Zhang
et al., 2010), these results reveal the ability of the brain muscarinic
system to exert a dual regulatory control of prefrontal synaptic
plasticity (LTP or LTD) in vivo.

Theta rhythm is a characteristic oscillatory mode of the hippo-
campus modulated by septal cholinergic afferents through the
activation of muscarinic receptors in the hippocampus (Buzsaki
et al., 1983; Lee et al., 1994). Recent studies have shown that
prefrontal cortical activity is coupled to the phase of the hippo-
campal theta oscillation in different behavioral tasks suggesting
a hippocampal functional entrainment of cortical circuitries during
particular demands (Brockmann et al., 2011; Hyman et al., 2005;
Siapas et al., 2005). Considering the important role of the musca-
rinic modulation of hippocampal theta rhythm, it is plausible to
think that in our experiments PILO could have modified the oscil-
latory coupling between the hippocampus andmPFC. Although, we
did not record prefrontal spike activity, precluding the calculation
of phase coupling, PILO induced a significant decrease in delta
(0.5e4 Hz) and 80e100 Hz band coherences between CA1 and
mPFC, and an increase in the coherence in the 25e45 Hz band. Our
results also indicate a significant negative correlation between
mPFC and hippocampal gamma power and the amplitude of
prefrontal fPSPs following LFS600. This is consistent with previous
reports showing that carbachol-induced theta and gamma oscilla-
tions in the hippocampus facilitate the conversion of LTP into LTD in
CA1 in vitro (Huerta and Lisman, 1995). Kirkwood et al. (1999) also
reported that carbachol facilitates LTD in the visual cortex by the
activation of M1 muscarinic receptors, and Warburton et al. (2003)
demonstrated that scopolamine impairs LTD induction, but has no
effect on LTP in the perirhinal cortex.

It is known that hippocampal neurons in the postero-dorsal and
ventral CA1/subiculum project direct axon terminals to the mPFC,
where they establish excitatory synapses with dendritic spines of
pyramidal neurons in layers II/III and V/VI (Groenewegen et al.,
1997; Jay et al., 1992). These projections can undergo both LTP
and LTD, though only LTP was shown to be dependent on NMDA
receptor activation (Jay et al., 1995; Takita et al., 1999). Interestingly,
our results show that both LTD induced by PILO/LFS600 and LTD
induced by supra-threshold stimulation (LFS900) depend on
prefrontal cortex NMDA receptor activation. In fact, they are
consistent with reports showing that intracortical LTD in layer V of
the mPFC induced by activation of group II metabotropic glutamate
(mGluR) depends upon NMDA receptor activation (Huang and Hsu,
2008), M1/M3 muscarinic conversion of LTP into LTD in the dorsal
cochlear nucleus requires functional NMDA receptors (Zhao and
Tzounopoulos, 2011) and that acetylcholine, acting through M1
receptors, potentiates NMDA responses in the striatum (Calabresi
et al., 1998). These studies support the idea of either a direct
interaction between muscarinic and NMDA receptors in the
expression of mPFC LTD or an indirect effect via the mesocortical
dopaminergic system, known tomodulate synaptic plasticity in the
mPFC via cholinergic inputs. Previous reports have also shown that
either noradrenaline acting through a1ea2 receptors or low levels
of dopamine can induce NMDA-dependent LTD in the intrinsic
connections of the mPFC (Marzo et al., 2010; Matsuda et al., 2006).
Surprisingly, the supra-threshold LTD induced by strong electrical
stimulation was also blocked by AP7, suggesting the activation of
similar molecular mechanisms required to trigger the long-lasting
LTD in the mPFC induced by PILO-LFS600.
Although AP7 apparently attenuated the synchronizing effects
of PILO in the mPFC, the effects of NMDA blockade in the oscillatory
brain activity following intra-mPFC microinjection, occurred both
in the mPFC and the hippocampus. We also observed a significant
reduction in w5 Hz power in mPFC and w9 Hz power in CA1 as
compared to Veh-injected controls, which might suggest an indi-
rect modulatory effect of the mPFC on areas projecting to the
hippocampus, i.e., septum, thalamus or amygdala, as previously
described (Lee et al., 1994; Seidenbecher et al., 2003).

PILO also exerted a more intense depressive effect on prefrontal
post-synaptic responses when applied before LFS600, as opposed
to after LFS600. The distinct effects of PILO on pre-LFS600 and post-
LFS600 LTD suggest a limited temporal window of efficacy. Such
priming could reflect the pre-activation of post-synaptic M1
receptors enhancing NMDA currents in mPFC neurons (Calabresi
et al., 1998). In contrast to recent studies indicating an association
between muscarinic activation and AMPA-receptor internalization
during a muscarinic-induced LTD in vitro (Dickinson et al., 2009;
Huang and Hsu, 2010; McCoy and McMahon, 2007), we showed
that PILO by itself does not interfere with basal hippocampuse
mPFC fPSPs in vivo.

The occurrence of bidirectional synaptic plasticity in the cortex is
thought to be an important mechanism regulating the balance of
cognitive and emotional processing. Dorsal and ventral hippocampal
projections to the entorhinal cortex andmPFC undergo LTP, LTD and
many forms of short-term synaptic changes, which are regularly
modulated by the muscarinic cholinergic system (Laroche et al.,
2000; Lopes Aguiar et al., 2008; Yun et al., 2000). Therefore,
changes in the cholinergic drive on the hippocampal inputs to the
mPFC are potential targets for neurological dysfunctions and have
been implicated in cognitive and emotional deficits (Bymaster et al.,
2002; Hasselmo, 2006; Leite et al., 1990, 2002; Lucas-Meunier et al.,
2003; Raedler et al., 2007; Romcy-Pereira and Pavlides, 2004;
Romcy-Pereira et al., 2009; Scarr and Dean, 2008).

In conclusion, the present study brings new evidence on the
interaction of the muscarinic and NMDA modulation of synaptic
depression in the mPFC, and the relationship between oscillatory
gamma rhythm in limbic-cortical circuits and hippocampuse
mPFC communication. It may contribute to our understanding of
plasticity-related dysfunctions associated to cognitive and emotional
deficits in psychiatric disorders.
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