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Abstract 
 
The role of the endocannabinoid (eCB) system in the modulation of 
neurotransmission has been described for several cortical areas. However, not much 
is known about the eCB-mediated regulation of general network excitability in the 
cortex, as can be measured by the recording of field potentials. Here, we made field 
potential recording in brain slices of the rat medial prefrontal cortex (mPFC). We 
show that the application of the mixed CB1R/CB2R agonist WIN55212-2 resulted in a 
concentration-dependent (IC50 ~ 50 nM) decrease of mPFC network excitability. 
Furthermore, the activation of cannabinoid receptors reversed the existing short-
term plasticity from paired-pulse depression to paired-pulse facilitation. These results 
show that, in the mPFC, the eCB system exerts a powerful control over both network 
excitability and synaptic plasticity. The modulation of network excitability and 
synaptic plasticity may be crucial for the regulation of higher order cognitive 
functions associated with the mPFC.  
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Introduction 
The endocannabinoid (eCB) system is a modulatory signalling system that consists of at 
least two G protein-coupled receptors (GPCRs, the type-1 cannabinoid receptor, CB1R, 
and the type-2 cannabinoid receptor, CB2R), endogenous ligands called 
endocannabinoids (eCBs) and various enzymes responsible for the synthesis and 
degradation of eCBs (Kano et al. 2009). The eCB system is abundantly present in both 
the central nervous system (CNS) and the periphery and is involved in variety of 
physiological functions. In the periphery, the eCB system plays a role in the immune 
response, via CB2Rs in immune cells (Munro et al. 1993; Galiègue et al. 1995). In the 
brain, CB1Rs are one of the most abundantly expressed GPCRs and mediate various 
forms of synaptic plasticity (Heifets and Castillo 2009; Kano et al. 2009; Castillo et al. 
2012). In the CNS, the eCB system is mostly known for retrograde signalling processes 
of eCBs activating CB1Rs (Kreitzer and Regehr 2001; Ohno-Shosaku et al. 2001; Wilson 
and Nicoll 2001; Wilson et al. 2001). Briefly, eCBs Ca2+-dependently synthesized upon 
postsynaptic activity, travel backwards across the synapse and bind to presynaptic 
CB1Rs to inhibit Ca2+ influx through voltage-dependent Ca2+ channels and, possibly, to 
activate G protein-coupled K+ channels (Ohno-Shosaku et al. 2001). The activation of 
CB1Rs can, in this manner, reduce both excitatory and inhibitory neurotransmitter 
release. Some studies have investigated the effects of CB1R activation on synaptic 
transmission in the rodent prefrontal cortex (PFC), an area associated with higher 
cognitive functions (Auclair et al. 2000; Miller and Cohen 2001; Koechlin et al. 2003; 
Yoshino et al. 2011). In contrast with the heavily investigated CB1Rs, the presence of 
CB2Rs in the brain has been a matter of debate for a long time. The expression of this 
receptor by glial cells and even neurons is now becoming more generally accepted (Van 
Sickle et al. 2005; Stella 2010). Two studies report that CNS CB2Rs may function 
similarly to CB1Rs by showing that CB2R activation results in the modulation of 
neurotransmission, presumably mediated from a presynaptic locus (Morgan et al. 2009; 
Atwood et al. 2012). 

In this in vitro study, we have investigated the consequences of cannabinoid 
receptor activation for the network excitability in the medial PFC (mPFC), a brain area 
associated with many higher order cognitive functions (Pattij et al. 2008; Seamans et al. 
2008). For this, field potentials were evoked (by electrical stimulation) and recorded in 
rat mPFC brain slices. Such recordings reflect the activity of large numbers of neurons 
simultaneously and can provide information on the general (evoked) activity of this 
cortical area.  
 
Materials and Methods 
Electrophysiology 
Coronal slices (400 µm) of the mPFC were obtained from male Wistar rats (Harlan, the 
Netherlands) aged 5-8 weeks. Animals were killed by decapitation, their brains rapidly 
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removed and placed in oxygenated (95% O2 – 5% CO2) ice-cold (4 °C) artificial 
cerebrospinal fluid (ACSF, containing in mM: 120 NaCl, 3.5 KCl, 25 NaHCO3, 25 D-
glucose, 2.5 CaCl2, 1.3 MgSO4, 1.25 NaH2PO4). Slices were cut in ACSF on a vibratome 
(VT1200S, Leica, Germany) and placed for 30 min in ACSF at 32 °C. Slices were kept at 
room temperature for at least 1 h prior to recording. Subsequently, slices were 
transferred to a liquid-air interface chamber (Scientifica) and bathed in continuously 
dripping (2.5-3 ml/min) oxygenated ACSF. Glass recording pipettes were pulled from 
borosilicate glass (Science Products, Germany) and were filled with ACSF. Extracellular 
field potentials were recorded via the glass recording pipette that was placed in layer 
II/III of the prelimbic area of the mPFC. Field potentials were evoked by applying 
biphasic current injections with a total duration of 0.2 ms and ranging from 40-250 μA 
into layer V via a concentric stimulation electrode. For most experiments two 
consecutive stimulations were applied with an interpulse interval (IPI) of 25 ms. Field 
potentials consisted of several components, a fast antidromic spike, a population spike 
and field excitatory postsynaptic potential (fEPSP) (Fig. 1A). Input-output curves of 
fEPSP amplitudes were constructed by increasing the stimulation intensity from 0% 
(smallest stimulation intensity that produced minimal but just detectable fEPSPs) to 
100% (stimulation intensity that produced maximal fEPSP amplitudes) in 11 steps (see 
e.g. Fig. 2B); the time interval between sweeps was 8 s. In this study, repetitive current 
injections that evoke field potentials were applied at relatively low frequencies 
(0.125 Hz). Therefore, we assume that these stimulation protocols did not evoke eCB 
synthesis, which is induced by higher frequency action potential firing (e.g. 20, 40 Hz) 
(Fortin et al. 2004; Lemtiri-Chlieh and Levine 2007; Yoshino et al. 2011). Due to 
difficulties with washing out bath-applied cannabinoid ligands, every slice was treated 
with one or two cumulative concentrations. Concentration-response curves for 
cannabinoid ligands were fitted with the following logistic equation:  
 

(eq.1)               
IC / [Ligand]1

amplitude fEPSP Maximalamplitude fEPSP
50+

=  

 
Recordings were made using an in-house built amplifier under control of in-house 
software running under Matlab (MathWorks, USA). Field potentials recordings were 
digitized (sampling rate 5 kHz) and stored for off line analysis.  
 
 
Data analysis 
Data were compared with t-tests. In the figures the significance is indicated with 
asterisks (*P<0.05, ** P<0.01 and *** P<0.001). Results are given as mean ± standard 
error of the mean.  
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Drugs 
WIN55212-2, arachidonyl-2'-chloroethylamide (ACEA) and JWH-133 were generous 
gifts from Abbott Healthcare Laboratories (the Netherlands). Bicuculline and 
CGP-54626 were purchased from Tocris. Cannabinoid receptor ligands were dissolved 
in DMSO or ethanol to 50 mM and diluted in ACSF with a final concentration of DMSO 
or ethanol that was always lower than 0.1%.  
 
Results 
Characterization of mPFC field potentials  
To investigate the effects of cannabinoid ligand application on the local network activity 
in the mPFC, we first characterized field potentials recorded in layer II/III. Upon 
electrical stimulation of layer V, complex field potentials could be recorded in layer 
II/III. Field potentials contained several components beside the stimulation artefact 
(which is not shown); a (non-synaptic) antidromic spike, a population spike and the 
fEPSP (Fig. 1A). The population spikes and fEPSPs were sensitive to the application of 
glutamate receptor antagonists (20 µM CNQX and 10 µM AP5), whereas the antidromic 
spike was not (data not shown). In the present study, we focused on the amplitudes of 
the synaptic components of the field potential, in particular, we analysed the fEPSP 
amplitudes. Input-output curves of fEPSP amplitudes were constructed and effects of 
cannabinoid drugs were determined on this component of the field potential (Fig. 2B).  
When a second stimulation pulse (25 ms after the first pulse) was applied via the 
stimulation electrode, similarly shaped, but smaller field potentials could be recorded, 
which is indicative of the activation of inhibitory processes (Fig. 1A). In order to further 
investigate these inhibitory processes, we performed experiments using stimulation 
protocols with varying IPIs (ranging from 20 ms to 1 sec), with a stimulation intensity of 
80% (Fig. 1B). Plotting the ratio of the fEPSP amplitudes (fEPSP amplitude second 
stimulus / fEPSP amplitude first stimulus) demonstrated that inhibition occurs at all IPIs 
between 20 ms and 1s, but it is strongest between 100 - 200 ms, which fits with the 
timescale of GABAB receptor-mediated inhibition. We applied low concentrations of the 
GABAA and GABAB receptor blockers bicuculline (0.5 μM) and CGP (1 μM), respectively, 
to demonstrate the involvement of GABA receptors in the observed inhibition. In the 
presence of these compounds, the ratios of the fEPSP amplitudes were increased for 
IPIs from 30 to 200 ms (Fig. 1B). We performed additional experiments with a constant 
IPI (25 ms), but with a varying stimulation intensity for the first pulse (input-output 
protocol; the stimulation intensity for the second pulse was set at 50% of the maximal 
stimulation amplitude (see inset Fig. 1C). These experiments demonstrate that when 
the stimulation intensity of the first stimulus is smaller than 40% of the maximal 
stimulus intensity, inhibition was not obviously present. However, when the stimulation 
intensity of the first stimulation was increased, recruitment of inhibitory processes 
ensured that the fEPSP amplitude following the second stimulation was decreased (Fig. 
1C). 
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Figure 1. Characterization of field potentials recorded in layer II/III of the rat mPFC. (A) Representative trace 
of field potentials recorded in layer II/III following electric stimulation in layer V (2 pulses, 25 ms IPI). The 
complex field potentials consist of various components, the non-synaptic antidromic spike, the population 
spike and the fEPSP. (B) The ratio of fEPSP amplitudes at various IPIs under control conditions and in the 
presence of the GABAA and GABAB receptor blockers bicuculline and CGP. (C) fEPSP amplitudes in response to 
an increasing stimulus amplitude of the first stimulus (0 – 100%) and a constant stimulus amplitude of the 
second stimulus (50%) (see inset). 
 
 
Effects of cannabinoid receptor ligands on field potentials  
We next investigated the effects of cannabinoid receptor activation on field potentials 
in the mPFC (Fig. 2A). After the application of the mixed CB1R/CB2R agonist WIN55212-2 
(WIN, 0.01 – 0.3 μM), fEPSP amplitudes in response to the first stimulation pulse were 
reduced, in a concentration-dependent manner (Fig. 2B). This effect was observed for 
the whole stimulation intensity range. The fEPSP amplitudes recorded in response to 
the maximal stimulation amplitude were plotted as a function of WIN concentration 
and fitted with a logistic equation (eq. 1), yielding an IC50 value of 51±5 nM (Fig. 2C). 
fEPSP amplitudes in response to the second stimulation were also reduced, but only for 
the three highest concentrations of 0.03 μM, 0.1 μM and 0.3 μM WIN (Fig. 2D). We 
observed a WIN-mediated reduction in fEPSP amplitude for the whole stimulation 
intensity range. We plotted the ratio of the fEPSP amplitudes for stimulation intensities 
from 50-100% and we found that, in line with our earlier results, under control 
conditions, this ratio was always below 0.5 for an IPI of 25 ms (Fig. 1B). The application 
of WIN concentration-dependently increased the ratio (Fig. 2E). In order to further 
investigate the effects of WIN on inhibitory processes, we continued to perform 
experiments where we varied the IPI. After the application of WIN (0.3 μM), ratios were 
increased for IPIs ranging from 20 – 50 ms and, interestingly, decreased for IPIs ranging 
from 500-1000 ms (Fig. 2F).  

Additional experiments were performed with agonists that are selective for 
CB1Rs or CB2Rs, ACEA (1 – 10 μM) and JWH-133 (0.1 – 3 μM), respectively. Application 
of ACEA resulted in a decreased fEPSP amplitude in response to the first stimulus for all 
tested concentrations, but the fEPSP amplitude in response to the second stimulus was 
decreased only for the highest concentration of ACEA (Fig. 3A, B). Application of 
JWH-133 reduced the fEPSP amplitudes evoked by both pulses (Fig. 3C, D). 
Interestingly, the ratio of the fEPSP amplitudes was not increased after the application 
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of either ACEA or JWH-133 (data not shown). This is in contrast with the concentration-
dependent effects of WIN on this ratio. Together, these data show that modulation of 
the cannabinoid system by activation of cannabinoid receptors reduces field potential 
responses in the rat mPFC. 
 
 
 

 
 
Figure 2. Effects of the application of the mixed CB1R/CB2R agonist WIN on fEPSP amplitudes. (A) 
Representative traces of field potentials in layer II/III recorded under control conditions and in the presence 
of 0.3 μM WIN. (B) Input/output curves for normalized fEPSP amplitudes in response to the first stimulus 
pulse under control conditions and in the presence of WIN (0.01 – 0.3 μM). WIN concentration-dependently 
reduced the fEPSP amplitude (P < 0.001, n = 16). (C) Concentration-response curve for WIN, constructed from 
normalized fEPSP amplitudes in response to the first pulse at maximal stimulation amplitude (16 slices per 
concentration). The data points were fitted with eq. 1. The estimated EC50 was 51±5 nM. (D) Input/output 
curves of normalized fEPSP amplitudes in response to the second stimulus pulse under control conditions and 
in the presence of WIN (0.01 – 0.3 μM). fEPSP amplitudes evoked with the maximal stimulus amplitude were 
reduced in the presence of WIN (0.03, 0.1 and 0.3 μM, P < 0.05, P < 0.01 and P < 0.05, respectively, n = 16). 
(E) fEPSP amplitude ratios (fEPSP second stimulus/fESPS amplitude first stimulus, IPI 25 ms) were increased at 
the maximal stimulus intensity in the presence of WIN (0.1 and 0.3 μM, P < 0.01 and P < 0.001, respectively, n 
= 16). Similar effects were observed for the stimulus intensities in the range of 50-100%. (F) fEPSP amplitude 
ratios (fEPSP second stimulus/fEPSP amplitude first stimulus) for different IPI (20 – 1000 ms) were changed in 
the presence of WIN (0.3 μM). For IPI 20, 30 and 50 ms, ratios were increased at the maximal stimulation 
amplitude in the presence of WIN (P < 0.05, P < 0.001 and P < 0.001, respectively, n = 13). For IPI 500 and 
1000 ms, ratios were decreased at the maximal stimulation amplitude in the presence of WIN (both 
P < 0.001, n = 13).  
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Figure 3. Effects of the application of selective cannabinoid receptor ligands on fEPSP amplitudes. (A) 
Input/output curves of normalized fEPSP amplitudes in response to the first stimulus pulse under control 
conditions and in the presence of the selective CB1R agonist ACEA (1 – 10 μM). Application of all 
concentrations of ACEA resulted in a decreased fEPSP amplitude at the maximal stimulation amplitude (all P < 
0.001, n = 14-18). (B) Input/output curves of normalized fEPSP amplitudes in response to the second stimulus 
pulse under control conditions and in the presence of ACEA (1 – 10 μM). Application of the highest 
concentration ACEA (10 μM) resulted in a decreased fEPSP amplitude at the maximal stimulation amplitude 
(P < 0.001, n = 14). (C) Input/output curves of normalized fEPSP amplitudes in response to the first stimulus 
pulse under control conditions and in the presence of the selective CB2R agonist JWH-133 (0.1 – 3 μM). 
Application of all concentrations of JWH-133 resulted in a decreased fEPSP amplitude at the maximal 
stimulation amplitude (0.1, 0.3, 1 and 3 μM, P < 0.01, P < 0.05, P < 0.05 and P < 0.001, respectively, n = 9, 11, 
9 and 10, respectively). (D) Input/output curves of normalized fEPSP amplitudes in response to the second 
stimulus pulse under control conditions and in the presence of JWH-133(0.1 – 3 μM). Application of most 
concentrations of JWH-133 resulted in a decreased fEPSP amplitude at the maximal stimulation amplitude 
(0.1, 0.3 and 1 μM, P < 0.05, P < 0.05 and P < 0.01, respectively, n = 9, 11 and 10, respectively). 
 
 
Discussion 
In the current study, we demonstrated that complex field potentials can be recorded in 
the mPFC in layers II/III upon electrical stimulation in layer V to investigate the role of 
the eCB system at the network level. These field potentials, with synaptic components 



Chapter 2 

40 
 

sensitive to glutamate receptor blockers, are indicative of a highly complex cortical 
network. Here, we focused on the fEPSP component of the signal, especially since the 
CB1R (which is the most predominant cannabinoid receptor present in the CNS) is 
known to – as a presynaptic receptor – modulate neurotransmitter release. As a 
consequence, its activation may have clear effects on postsynaptic potentials. 

Using various experimental protocols, we identified the activation of inhibitory 
processes in this network. Since the blockade of GABAA and GABAB receptors decreased 
the inhibition, the underlying processes were probably (at least in part) mediated by 
GABA. The ratios of the fEPSP amplitudes were decreased for IPIs from 30 to 200 ms, 
which is in line with the time courses of GABAA and GABAB receptors (Dutar and Nicoll 
1988; Mody et al. 1994; Barnard et al. 1998; Bowery et al. 2002; Tamás et al. 2003). We 
performed experiments where the first stimulus intensity was increased from 0 - 100% 
of the maximal stimulation intensity and where the second stimulus intensity was kept 
constant at 50%. Inhibitory processes ensured that only when the stimulation intensity 
of the first pulse was also 50% (or more) of the maximal stimulation intensity, inhibition 
was powerful enough to reduce the fEPSP amplitude in response to the second 
stimulus.  

We used several cannabinoid ligands to evaluate the effects of combined and 
separate CB1R and CB2R activation. Application of the mixed CB1R/CB2R agonist WIN 
concentration-dependently reduced the fEPSP amplitudes, in particular in response to 
the first stimulus. It is known that CB1R activation decreases the release of excitatory 
neurotransmission in various regions of the CNS (Lévénés et al. 1998; Auclair et al. 
2000; Kreitzer and Regehr 2001; Kano et al. 2009). If WIN activates CB1Rs, the reduction 
of fEPSP amplitude could be explained by a CB1R-mediated decrease in glutamate 
release following electric stimulation in layer V. However, since WIN binds to CB2Rs as 
well as CB1Rs (Fowler 2008; Pertwee et al. 2010), the possibility exists that (some of) 
the WIN-mediated effects on fEPSP amplitudes could occur via (simultaneous) CB2R 
activation. As mentioned earlier, CB2Rs were thought to be absent from the CNS for a 
long time, but several recent publications have reported that CB2Rs could play a role in 
various aspects of CNS functioning (Jhaveri et al. 2008; Morgan et al. 2009; Xi et al. 
2011; Atwood et al. 2012). For instance, CB2R activation in cultured excitatory autaptic 
hippocampal neurons resulted in the reduction of excitatory neurotransmission, likely 
from a presynaptic localization (Atwood, Straiker, et al. 2012). Others have shown that 
brain CB2Rs modulate cocaine’s rewarding and locomotor-stimulating effects in mice (Xi 
et al. 2011). Clearly, these recent developments indicate that CB2Rs are functionally 
present in the CNS and suggest that cannabinoid research in the brain should be 
extended to include these receptors. If CB2Rs behave in a similar manner to CB1Rs, as 
reported recently (Atwood, Straiker, et al. 2012), CB2R-mediated reduction of 
glutamate release could explain the effect of WIN on the fEPSP amplitude. However, 
the mentioned study was conducted under very different experimental circumstances 
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(in culture, in another brain area) and we have previously not been able to detect 
effects of CB2R activation on the spontaneous release of neurotransmission in the mPFC 
(unpublished results).  

We next investigated the effects of WIN on the inhibitory processes in this 
preparation. The application of WIN reduced the fEPSP amplitude in response to the 
second stimulus, although the reduction was less pronounced than observed for the 
first stimulus and significant only for the three highest concentrations of WIN (0.03, 0.1 
and 0.3 µM). This is reflected by the dramatic increase in fEPSP ratios, changing from 
below 0.5 (control conditions) to ~1.5 with the highest WIN concentration (0.1 µM) for 
the maximal stimulation intensity. These data show that, with an IPI of 25 ms, the 
paired-pulse depression under control conditions turned into paired-pulse facilitation in 
the presence of a high WIN concentration. In other words, WIN reversed the short-term 
plasticity present in this network. When the IPI was increased up to 1000 ms, we 
observed that the increase in ratio was limited to IPIs smaller than 100 ms. For IPIs of 
500 and 1000 ms, the application of WIN actually decreased the ratio, via an unknown 
mechanism.  

In addition to decreasing excitatory neurotransmission, the activation of CB1Rs 
has also been shown to inhibit the release of inhibitory neurotransmission (Hoffman 
and Lupica 2001; Wilson et al. 2001; Kano et al. 2009). If WIN activates the presynaptic 
CB1Rs on GABAergic synapses, a decreased release of GABA could result in a reduction 
in inhibition. Paired-pulse facilitation is generally assumed to involve the build-up of 
Ca2+ in cells, which gives rise to an increased response to the second stimulus. A 
decreased inhibition could unmask such paired-pulse facilitation. For IPIs of 500 and 
1000 ms, the reduced glutamate release due to CB1R activation could possibly explain 
the decreased ratio. Again, recent developments in the eCB field indicate that it is 
possible that CB2R-activation could contribute to the response to WIN. A study that 
investigated the involvement of CB2Rs in inhibition reported that CB2R activation in the 
entorhinal cortex decreased the charge transfer of inhibitory neurotransmission 
(Morgan et al. 2009). However, we have not been able to detect a reduction in 
spontaneous inhibitory neurotransmission in the mPFC following CB2R activation 
(unpublished results). Inhibition in cortical circuits following electrical stimulation 
consists of both feedback inhibition and feed forward inhibition (Isaacson and Scanziani 
2011), which complicates studies investigating cortical network activity. 

In order to investigate the effects of CB1R and CB2R activation separately, we 
next investigated the effects of the selective CB1R agonist ACEA and the selective CB2R 
agonist JWH-133. Like WIN, both cannabinoid ligands evoked a decrease in fEPSP 
amplitudes in response to the first stimulus, although these reductions were markedly 
less pronounced as produced by WIN. Overall, the fEPSP amplitudes in response to the 
second stimulus were also decreased by the two cannabinoid ligands. In contrast with 
the WIN experiments, the ratio of the fEPSP amplitudes was not changed, which is 
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indicative of a different mechanism of action. If the WIN effects were predominantly 
mediated by CB1Rs, one would expect that the CB1R selective agonist ACEA mimics the 
WIN-effects. However, the penetration of ACEA into a brain slice is possibly 
problematic, due to its highly lipophilic nature. Therefore, the possibility remains that 
CB1Rs were not sufficiently activated by the application of (even high concentrations) of 
ACEA. Another possibility is that the WIN-effects on fEPSP amplitudes were 
predominantly mediated by CB2Rs. In this case, the application of JWH-133 should 
result in changes in the fEPSP amplitudes similar to changes induced by WIN. However, 
JWH-133 was not able to increase the ratio of fEPSPs, although fEPSP amplitudes were 
reduced, similar to, but to a lesser extent than, when WIN was applied. Finally, we 
should note that since WIN is a mixed CB1R/CB2R agonist, the simultaneous activation 
of CB1Rs and CB2Rs could be necessary for the profound reduction of fEPSP amplitudes 
and increase in fEPSP ratio to occur. Additional experiments with selective CB receptor 
antagonists could help with the unravelling of the described CB receptor-mediated 
effects. However, it is important to note that the use of CB receptor antagonists, many 
of which behave as inverse agonists, at the network level, could complicate the 
interpretation of the data (Pertwee et al. 2010; Meye et al. 2012).  

Altogether, these data demonstrate that the modulation of the eCB system by 
the mixed CB1R/CB2R agonist WIN resulted in dramatic changes in the field potential 
amplitudes and inhibitory processes in the mPFC. We report that the application of 
WIN leads to a reversal of short-term synaptic plasticity in this area. This modulation of 
network excitability and synaptic plasticity may be crucial for cannabinoid-mediated 
regulation of higher order cognitive functions of the mPFC. Future studies, performed 
at the cellular level, may shed more light on the precise role of each cannabinoid 
receptor in these changes.  
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