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1. Abstract 

Hippocampal network oscillations of distinct frequency bands like gamma (γ)-

oscillations and sharp wave-ripple complexes (SPW-Rs) are likely involved in various 

cognitive functions such as the storage of information and memory consolidation in 

vivo. Memory formation depends on novelty detection which is indicated by global 

release of monoamines. Storage of information may also be influenced by locally 

released peptides such as C-type natriuretic peptide (CNP). 

We investigated monoamines (dopamine (DA), norepinephrine (NE) and serotonin (5-

HT)) and CNP effects on pharmacologically- versus stimulus-induced hippocampal γ-

oscillations in vitro as well as CNP effects on hippocampal SPW-Rs and on 

bidirectional synaptic plasticity in area CA1, employing extra- and intracellular 

recordings as well as immunohistochemistry. Monoamines dose-dependently and 

reversibly suppressed pharmacologically-induced hippocampal γ-oscillations, but 

augmented stimulus-induced γ-oscillations. Both types of hippocampal γ-oscillations 

were suppressed by forskoline, 8-Br-cAMP, D1 agonist and isoproterenol, suggesting 

that differential monoamines effects on these two types of γ-oscillations might involve 

different classes of cells. CNP suppressed ACh/physostigmine- and stimulus-induced 

hippocampal γ-oscillations and reduced the incidence of hippocampal SPW-Rs. 

Immunohistochemistry revealed CNP binding to subset of GAD65/67-immunopositive 

cells in area CA3 and CA1 which suggests that CNP effects on hippocampal 

oscillations might be due to the CNP action on hippocampal interneurons. CNP also 

shifted the threshold for long-term potentiation (LTP) induction in area CA1 to higher 

stimulus frequencies showing the layer-specific differences. This effect was attenuated 

(extrecellular recordings) or prevented (intracellular recordings from pyramidal cells) 

when GABAA receptors were blocked. CNP increased the input resistance of CA1 
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pyramidal cells and the amplitude of isolated excitatory postsynaptic potential (EPSPs) 

only in the presence of bicuculline. In addition CNP mimicked the attenuation of LTP 

(stratum pyramidale) or reversion of LTP into long-term depression (LTD) (stratum 

radiatum) induced by low-dose of NMDA glutamate receptor blocker DL-APV. These 

data suggest that CNP-mediated modulation of bidirectional synaptic plasticity in area 

CA1 might be due to the action on GABAA-mediated inhibition and on NMDA 

receptors. 

Systemically released monoamines and locally released agents such as CNP may play a 

crucial role in switching between oscillatory states in hippocampus and therefore allow 

different modes of information processing. In addition CNP by modulating 

hippocampal synaptic plasticity CNP may play important role in formation of 

hippocampus-dependent types of memory. 
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2. Introduction 

The hippocampus is essential for the formation of spatial memory [1, 2] and declarative 

memory [3-7] in animals and humans. It is widely believed that hippocampus-

dependent memory is encoded by means of a close interplay of different forms of 

synaptic plasticity, including long-term potentiation (LTP) and long-term depression 

(LTD) [8-10].  

Memory functions of the hippocampus strongly depend on network properties. 

Synchronous neuronal activity such as theta (θ)-oscillations, gamma (γ)-oscillations or 

sharp wave ripples complexes (SPW-Rs) have been observed in the hippocampus in 

vivo during distinct patterns of animal behaviour [11-14]. These oscillations can be also 

induced in the hippocampal slices. Gamma-oscillations can be obtained in hippocampus 

in vitro either by tetanic stimulation [15-17] or by pharmacological activation of 

muscarinic receptors [18], group I metabotropic glutamate receptors [19] or kainate 

receptors (KARs) [20, 21]. SPW-Rs can be induced in hippocampal slices by a 

repetitive tetanic stimulation [22]. Pharmacologically-induced hippocampal γ-

oscillations (40 Hz) are generated in area CA3 and propagate to area CA1 [23]. 

Stimulus-induced γ-oscillations are transient, start out with a frequency of 70-100 Hz 

and then decline in frequency [16, 17, 24]. SPW-Rs represent network oscillations of 

the frequency above 100 Hz which are superimposed on sharp waves [22]. 

Hippocampal γ-oscillations provide for the optimal temporal relationship between two 

signals to produce the long-term synaptic changes that have been theorized to underlie 

memory formation [25-30]. Gamma-oscillations have been also implicated in binding 

features of sensory signals [25]. Hippocampal SPW-Rs are thought to represent stored 

information that is transferred to neocortex during memory consolidation [13]. 

Storage of information in addition depends on novelty detection which is indicated by 

global release of monoamines such as norepinephrine (NE) [31, 32] and dopamine 
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(DA) [33, 34]. Together with serotonin (5-HT) DA and NE may also provide for 

switching from one arousal state into another [35, 36]. In addition memory formation 

may be influenced by release of peptides such as C-type natriuretic peptide (CNP) [37] 

and other factors from local neurons. 

 

Aims 

The aim of this project was to investigate the effects of monoamines and CNP on some 

of the electrophysiological phenomena believed to represent the mechanisms of 

learning and memory. We also aimed to understand the processes underlying these 

effects. Our goals were (1) to study the influence of monoamines (DA, NE and 5-HT) 

on persistent and stimulus-induced hippocampal γ-oscillations and to reveal the 

mechanisms responsible for the monoamines-induced changes (2) to investigate the 

effects of CNP on persistent and stimulus-induced hippocampal γ-oscillations and on 

SPW-Rs, and to disclose the mechanisms underlying these effects (3) to study the 

influence of CNP on synaptic plasticity in hippocampal area CA1 and to understand 

possible mechanisms responsible for these CNP-induced alterations. 

 

3. Methods 

Electrophysiological experiments were performed on horizontal hippocampal slices 

(400 µM) prepared in ice cold ACSF and kept in an interface chamber under standard 

conditions [38]. Usually slices were cut at an angle of 12° in the fronto–occipital 

direction with the occipital portion down. If the experiments were conducted in the 

absence of GABAergic inhibition, the CA3 region was removed from slices. Extra- and 

intracellular recordings were performed with glass microelectrodes in stratum 

pyramidale and in stratum radiatum of hippocampal area CA1 and CA3. Stimulation 
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pulses were delivered with a bipolar platinum electrode placed in stratum radiatum of 

area CA1 close to area CA2 [38-40]. 

To evoke transient γ-oscillations slices were tetanized either with 40 or 100 Hz (trains 

of 20-40 pulses, pulse duration 100 µs) [38, 39]. 

Persistent γ-oscillations were induced by bath application of: 1) carbachol (20 µM); 2) 

kainate (100-150 nM); 3) DHPG (10 µM); 4) ACh (10 µM) coapplied with 

physostigmine (2 µM) [38, 39]. 

SPW-Rs were evoked by tetanic stimulation consisting of three trains of 40 pulses 

applied at 100 Hz (pulse duration: 100 µs) with intertrain-interval 40 s; this pattern was 

repeated usually five times every 5 min [39]. 

For evoked IPSPs in area CA3 which were measured during depolarizing and 

hyperpolarizing current steps single pulse stimulation was applied at 250 ms after onset 

of the current pulse [39].  

LTP in area CA1 was induced with a 1 s long stimulus train given to the slices at 

frequencies of either: 100, 50, 30 or 10 Hz (pulse duration: 100 µs) [40]. To induce 

LTD trains of 900 pulses were applied at 1 or 5 Hz (pulse duration: 100 µs) [40].  

For pharmacological experiments drugs were added to the aCSF. To study evoked 

IPSPs excitatory synaptic transmission was blocked with CNQX (25 µM) and 2-APV 

(50 µM) [39]. To block the inhibitory synaptic transmission bicuculline (5 µM) was 

used [40]. For a partial blockage of NMDA receptors DL-APV (10 µM) was applied 

[40]. Monoamines were applied in following concentrations: DA - 30-200 µM; NE - 

30-100 µM; and 5-HT - 30-100 µM.  CNP was used in a concentration of 100 nM. 

Field-potential γ-oscillations were characterized by calculating power spectra 

employing a fast Fourier transform algorithm (FFT) [38, 39]. SPW-R duration was 

determined from low pass-filtered data, ripple frequency from band pass-filtered data, 

and the amplitude and incidence of SPW-Rs were determined from raw data [39]. 
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Population spike amplitude was calculated as the mean of the amplitude of the first and 

the second positive peak to the maximal negative peak. Field potential recordings 

obtained from SR were analyzed by determining the slope of the field excitatory 

postsynaptic potential (fEPSP) between 20 and 80 % of the peak amplitude [40]. 

All numerical data are expressed as mean ± standard error of the mean (SEM). 

Statistical significance was determined by the Kolmogorov–Smirnov test, by the non-

parametric paired t-test and by the Wilcoxon test. P-values less than 0.05 were 

considered to indicate a significant difference between means.  

For immunohistochemistry tissue was fixed and cut to 25-30 μm sections [39, 40]. 

Slices were incubated with primary antibodies against GAD65/67 or NeuN; signal 

detection was achieved using Cy3 coupled secondary antibodies [39, 40]. To stain CNP 

receptors slices were rinsed with CNP-Biotin and incubated in Streptavidin-Alexa 488 

[39, 40]. Digital images were obtained by confocal laser-scanning microscopy. Image 

analysis and cell counting was automatized [39, 40]. 

 

4. Results 

Monoamines effects on persistent and stimulus-induced γ-oscillations 

Dopamine (DA), serotonin (5-HT) and norepinephrine (NE) dose-dependently and 

reversibly suppressed kainate- and carbachol-induced γ-oscillations in hippocampal 

area CA3 and CA1 ([38], Fig. 1 A-D; 2 A-C; and 4 A-C). The suppression of γ-

oscillations was accompanied by an increase in peak frequency which was significant 

with higher concentrations of monoamines (50 and 100 µM) ([38], Fig. 1 B, E; 2 B, D; 

and 4 B, D). Fenfluramine, which releases intrinsic serotonin from presynaptic 

terminals, also suppressed kainate- and carbachol-induced γ-oscillations ([38], Fig. 3 A, 

C). Monoamines-mediated reduction of kainate-induced γ-oscillations was mimicked 
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by β-adrenergic agonist isoproterenol, 8-Br-cAMP and adenylyl cyclase activator 

forskolin ([38], Fig. 5 A, C, E). This suggests that monoamines-induced suppression of 

persistent γ-oscillations could be due to the increase of intracellular cAMP level. 

Stimulus-induced γ-oscillations in hippocampal area CA1 were dose-dependently and 

reversibly augmented by DA, 5-HT and NE application ([38], Fig. 6 A-C; 7 A, D, G). 

Also the duration and peak frequency of stimulus-induced γ-oscillations were dose-

dependently and significantly (with higher concentrations) increased by monoamines 

([38], Fig. 6 A-C; 7 B-C, E-F, H-I ). Intracellular recordings from pyramidal cells 

revealed that monoamines prolonged the stimulus-induced depolarization and 

membrane potential oscillations ([38], Fig. 8 A-I). Stimulus-induced γ-oscillations were 

suppressed by isoproterenol, the D1 agonist SKF-38393, 8-Br-cAMP and forskoline 

([38], Fig. 9 A, D, G, J). Since stimulus-induced γ-oscillations have been suggested to 

depend on metabotropic glutamate receptors (mGluRs) [19], we tested how 

monoamines modulate mGluR-dependent γ-oscillations generated with DHPG. NE 

significantly suppressed DHPG-induced γ-oscillations [38]. 

 

CNP effects on persistent and stimulus-induced γ-oscillations and on SPW-Rs 

CNP significantly reduced the power while increasing at the same time the peak 

frequency of ACh/physostigmine-induced γ-oscillations in hippocampal area CA3 and 

CA1 ([39], Fig. 2 A-C, F-G). Coapplication of CNP together with NPR-B antagonist 

HS-142-1 prevented these effects ([39], Fig. 2 D-G). In an additional set of experiments 

performed in area CA3 with 3 different concentrations of CNP we observed a dose-

dependent reduction of ACh/physostigmine-induced γ-oscillations ([39], Fig. 3 A-C). 

Stimulus-induced γ-oscillations in hippocampal area CA1 were also significantly 

reduced by CNP but their peak frequency was not changed ([39], Fig. 4 A-C). CNP 
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strongly reduced the incidence of SPW-Rs in CA3 and CA1 region, whereas the 

frequency of superimposed ripple oscillations as well as the amplitude and the duration 

of SPW-Rs were not changed ([39], Fig. 5 A, C-F). The reduction of the incidence of 

SPW-Rs could be prevented if CNP was coapplied with the NPR-B antagonist HS-142-

1 ([39], Fig. 5 B). Intracellular recordings from CA3 pyramidal cells in the presence of 

glutamate receptors blockers CNQX and DL-APV revealed that CNP hyperpolarized 

these cells, increased their input resistance, and decreased the synaptic conductance 

([39], Fig. 7 A-B). 

 

CNP modulation of synaptic plasticity in hippocampal area CA1 

In control slices LTP was induced in both stratum pyramidale and stratum radiatum of 

area CA1 with HFS applied at frequencies of 30, 50 and 100 Hz, whereas 5 and 1 Hz 

LFS applied for 900 s induced LTD in both layers ([40], Fig. 2 A-D; 3 A-D). 

Depending on the frequency of applied stimulus, CNP either reduced the expression of 

LTP, converted LTP into LTD, or increased the magnitude of LTD in both stratum 

pyramidale and stratum radiatum in comparison to the control conditions ([40], Fig. 2 

A-D; 3 A-D; 4 A-B).  Thus, CNP shifted the threshold for LTP induction in area CA1 

to higher stimulus frequencies showing the layer-specific differences ([40], Fig. 4 A, 

B). As expected, the CNP effects on stimulus dependent plasticity were prevented, 

when CNP was coapplied with the NPR-B antagonist HS-142-1 ([40], Fig. 4 C). 

GABAA receptor blocker bicuculline attenuated CNP-mediated effects in stratum 

pyramidale and stratum radiatum of area CA1 ([40], Fig. 5 A-D).  

Intracellular recordings from CA1 pyramidal cells in the presence of bicuculline 

revealed that CNP depolarized these cells, significantly increased their input resistance 

and amplitude of isolated EPSPs, and reduced the number of action potentials generated 

during depolarizing current steps ([40], Fig. 6 A-F). These changes were not observed 
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in the absence of bicuculline. CNP strongly attenuated HFS-induced potentiation of the 

EPSP amplitude in CA1 pyramidal cells ([40], Fig. 7 A-B). This was prevented by 

bicuculline ([40], Fig. 7 C-D).  

LTP induced in stratum pyramidale and stratum radiatum of area CA1 with 20 Hz 

stimulation, applied for 30 s was attenuated (stratum pyramidale) or converted into 

LTD (stratum radiatum) by CNP ([40] Fig. 9 A-C). These effects were mimicked by 

low-dose DL-APV suggesting partial NMDA receptor dependency of CNP-mediated 

effects ([40], Fig. 9 A-C).  

 

Localization of CNP binding in rat hippocampal slices  
 
Immunohistochemistry revealed the binding of CNP to the NPRs-B expressed on 

pyramidal cells of hippocampal area CA1 and CA3 and on granule cells of DG ([39], 

Fig. 6 A; [40], Fig. 8 A). Also a subset of GAD65/67-immunopositive cells n stratum 

oriens, stratum radiatum and stratum lacunosum moleculare of area CA1 and CA3 

were found to be CNP positive ([39], Fig. 6 B-D; [40], Fig. 8 B-C). 

 

5. Discussion 

Monoamines effects on persistent and stimulus-induced γ-oscillations 

The main finding of this part of my studies was that monoamines (NE, 5- HT, and DA) 

depress the power of pharmacologically-induced γ-oscillations but, augment stimulus-

induced γ-oscillations in hippocampal slices [38]. Suppression of kainate- and CCh-

induced oscillations by forskoline, 8-Br-cAMP, or ß-adrenergic receptor agonist 

isoprotenerol ([38], Fig. 5 A-F) suggests that monoamines effects on persistent γ-

oscillations involve an increase of intracellular cAMP level. It is further supported by 

the previous findings that activation of D1 receptors [41] or 5-HT1A receptors [42], 
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which leads to increase in intracellular cAMP level, reduces the CCh-induced 

hippocampal γ-oscillations. 

Suppression of stimulus-induced γ-oscillations by forskolin, 8-Br-cAMP, isoprotenerol 

and the D1 agonist SKF 38393 ([38],  Fig. 9 A, D, G, J) indicates that the augmenting 

effect of monoamines on stimulus-induced γ-oscillations is probably independent of the 

intracellular cAMP level. Since DHPG-induced hippocampal γ-oscillations were 

depressed by NE [38], I conclude that the monoamines effect on stimulus-induced γ-

oscillations (whose generation  depends on mGluR1 receptors activation [19]) is not 

due to any interference with the mGluR1-dependent intracellular signalling cascade.  

The reduction of persistent γ-oscillations by monoamines is most probably due to their 

effects on interneurons since the discharge pattern of pyramidal cells during these 

oscillations is almost unaffected by monoamines [41]. On the other hand monoamines 

can lower glutamate release in the hippocampus [43-46], possibly leading to a reduced 

drive onto adjacent interneuronal networks. 

We demonstrate that stimulus-induced γ-oscillations in contrast to persistent γ-

oscillations are associated with a high probability of AP firing of pyramidal cells which 

indicates that feed back inhibition is apparently much more involved in the generation 

of stimulus-induced γ-oscillations. The monoamine-induced increase in stimulus-

induced γ-oscillations might be due to the increased pyramidal cell excitability. 

Both persistent and stimulus-induced γ-oscillations strongly depend on the activation of 

GABAergic interneurons [47-52] which have been showed to be activated or inhibited 

by NE [53-57] and 5-HT [58] depending on type of interneuron. Therefore I suggest 

that differential monoamines effects on persistent versus stimulus-induced γ-

oscillations can be due to the involvement of different classes of interneurons in both 

types of oscillations. 
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CNP effects on hippocampal γ-oscillations and SPW-Rs 

CNP-dependent suppression of both stimulus- and ACh/physostigmine-induced 

hippocampal γ-oscillations may be due to the CNP action on hippocampal interneurons 

which have been showed to be critically involved in the generation of γ-oscillations 

[19,59-62]. Consistently, we show here that CNP binds to large proportion of 

hippocampal interneurons in stratun oriens, stratum pyramidale, stratum radiatum and 

stratum lacunosum-moleculare of area CA3 and CA1 ([39], Fig. 6 B-D; [40], Fig. 8 B-

C). The fact that CNP selectively increases the frequency of persistent but not stimulus-

induced γ-oscillations suggests that these two types of γ-oscillations involve activation 

of different classes of interneurons which might be differently affected by CNP. CNP-

mediated hyperpolarization of CA3 pyramidal cells and an increase in their input 

resistance, potentially due to reduced transmitter release, as well as decrease of 

conductance underlying inhibitory postsynaptic potentials indicate that CNP reduces 

both the neuronal excitability and the interaction between inhibitory and pyramidal 

cells which most probably contributes to the modulation of γ-oscillations by CNP. 

CNP-mediated reduction of the incidence of SPW-Rs might be related to the 

hyperpolarization of CA3 pyramidal cells and the reduction of the excitatory 

transmission [63]. Unchanged amplitude and duration of the SPW-Rs as well as the 

ripple oscillations frequency suggest that the classes of interneurons contributing to the 

generation of SPW-Rs are less affected by CNP than those involved in generation of 

hippocampal γ-oscillations. 

 

CNP effects on bidirectional synaptic plasticity in area CA1 

Here we demonstrate that CNP shifted the threshold for LTP induction in area CA1 to 

higher stimulus frequencies showing the layer-specific differences ([40], Fig. 4 A-B). 
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Specificity of CNP-mediated effects was confirmed by our finding that the NPR-B 

receptor antagonist HS-142-1 [64] prevented this effect ([40], Fig. 4 C). The layer-

specific differences in CNP-mediated modulation of synaptic plasticity in area CA1 

indicate an altered EPSP-spike coupling, which might be due to direct effects of CNP 

on intrinsic excitability of CA1 pyramidal cells, interaction with inhibitory interneurons 

and/or modulation of NMDA receptor-dependent plasticity. 

CNP-mediated increase in the evoked EPSPs and input resistance as well as 

depolarization of CA1 pyramidal cells, all observed only in the presence of bicuculline, 

reveal the masking role of GABAA-ergic inhibition on the CNP-mediated effects in 

pyramidal cells. CNP-dependent reduction of CA1 pyramidal cells excitability 

observed in the absence of GABAA-mediated inhibition might be due to CNP effects on 

calcium currents. 

Blockage of GABAA-ergic inhibition prevented CNP-mediated attenuation of LTP in 

CA1 pyramidal cells. Therefore CNP-dependent modulation of GABAergic inhibition 

might be involved in the CNP effects on synaptic plasticity in are CA1. Indeed, 

immunohistochemisty revealed CNP binding to NPR-B receptors expressed on 

hippocampal interneurons in stratum oriens, stratum pyramidale, stratum radiatum and 

stratum lacunosum-moleculare of area CA1 ([40], Fig. 8 B-C).  

Our findings that low-dose DL-APV mimicked CNP-mediated effects on synaptic 

plasticity in area CA1 and that co-application of low-dose DL-APV and CNP fully 

blocked synaptic plasticity in this area suggest that CNP might modulate the function of 

NMDA receptors. Consistently we show here that CNP binds to receptors expressed on 

CA1 pyramidal cells. In fact, activation of NPR-B receptors by CNP, has been shown 

to increase intracellular cGMP level [65], which might reduce Ca2+ influx through 

NMDA receptors [66]. 
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Functional significance 

Hippocampal neuronal network displays two major states: theta/gamma-oscillation 

during explorative activity and SPW-Rs during consummatory behaviours [67, 68]. It is 

postulated that these states subserve a two-stage process of memory consolidation: the 

information gathered sequentially during theta/gamma is replayed in a compressed 

form during SPW-Rs [67, 68].The shift between these two, antagonistic population 

patterns is regulated by subcortical modulatory systems [67]. We show that 

monoamines suppress slow hippocampal γ-oscillations [38]. NE  [69, 70] and 5-HT 

[71, 72] have been reported to suppress hippocampal θ-oscillations. Therefore 

subcortically derived monoamines may play an important role in switching between the 

hippocampal oscillatory states. In addition, a locally released CNP which suppresses 

slow hippocampal γ-oscillations and significantly decreases the incidence of SPW-Rs 

[39] could also be involved in the regulation of hippocampal population patterns. 

Colgin et al [73] have shown that γ-oscillations in the hippocampal area CA1 in vivo 

split into distinct fast (65-140 Hz) and slow (25-50 Hz) frequency components that 

selectively synchronize CA1 with medial entorhinal cortex (MEC) and CA3 

respectively. These two types of γ-oscillations occur at different phases of the CA1 

theta rhythm and mostly on different theta cycles [73]. The theta phase when CA1 

receives preferentially input from EC [74] coincide with the time when LTP in area 

CA1 is most easily induced [75]. This suggests that EC coupled fast CA1 γ-oscillations 

might serve to facilitate memory encoding. On the other hand, retrieval of information 

is thought to occur at the theta phase, during which CA3 input to CA1 is strong and 

signals coming from EC are suppressed [74] which suggests memory retrieval function 

for slow hippocampal γ-oscillations. Monoamines, witch differentially affect fast and 

slow hippocampal γ-oscillations [38] and promote LTP induction in area CA1 [76-81] 
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may, therefore, serve as a switch between these two types of activity, and between two 

CA1 inputs, facilitating memory formation.  

Monoamines action on hippocampal γ-oscillations could also correspond to changes in 

animals’ behavioural state as it has been shown in striatum [82], where either 

administration of DA agonist apomorphine or psychomotor stimulant amphetamine, or 

reward caused a decrease of 50 Hz γ-oscillations and increase of 80–100 Hz γ-

oscillations.  

We show that locally released CNP modulates bidirectional synaptic plasticity in the 

hippocampal area CA1 [40]. This could also contribute to the regulation of the CA1 

inputs and affect memory formation in the hippocampus. Indeed CNP has been shown 

to exert effects on passive avoidance learning in rats [37]. Since hippocampal area CA1 

is involved in this learning [83, 84], CNP-mediated modulation of bidirectional 

synaptic plasticity in this area might underlie behavioral alterations in the animals. 

Taken together, systemically released monoamines as well as locally released agents 

such as CNP may play a crucial role in switching between oscillatory states in 

hippocampus and/or between hippocamal pathways and therefore allow different modes 

of information processing. 
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