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We examined GABAergic modulation on "slow" oscillation «1.0 Hz) of the pro cerebrum in the terres
trial mollusk, Limax valentianus. Short application of GABA-receptor agonists slightly increased the 
frequency of a periodic oscillation in the procerebrum, whereas persistent application decreased it. 
GABA-receptor antagonists decreased the oscillatory frequency. The GABA-like immunoreactivities 
were found in the neuropil and the cell body layers of the pro cerebrum. Because GABAergic inhibition 
is known to be essential for the generation of ' 'fast" synchronous neuronal oscillation in the CNSs in othre 
many animals, our present findings are first evidence suggesting that GABA modulates 'slow' oscillation 
in the CNS. 
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The pro cerebrum (PC) is a division of the cerebral ganglion unique to terrestrial slugs 
and snails, and "slow" oscillation of a periodic local field potential (LFP, 0.5-1.0 Hz) 
in the PC is thought to encode the olfactory information [6]. Gamma-aminobutyric 
acid (GABA)-containing neurons in the central nervous systems (CNSs) of other 
many animals are essential for the generation of "fast" synchronous neuronal activity, 
such as gamma oscillations (20-70 Hz) in the olfactory bulb [3] and stimulus-evoked 
oscillatory synchronization (20-35 Hz) in the antennallobe of insects [4]. However, 
there were no data whether or not the GABAergic systems modulate the "slow" fre
quency of LFP oscillation. In the present study, we thus examined the modulation of 
the slow oscillatory frequency in the PC by GABA and then further confirmed the 
presence of GABA in the PC of the slug Limax valentianus. 

The method for LFP recordings was modified from the previous report [2]. LFP 
was recorded from the posterior surface of the PC of the isolated CNS using a glass 
electrode filled with the Limax saline (in mM): 70.0 NaCI, 2.0 KCI, 4.9 CaClb 4.7 
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MgCI2, 5.0 glucose and 5.0 HEPES, pH 7.0. The signals were differentially amplified 
and band-pass filtered at 0.5-30 Hz (DAM 80, WPI) and were recorded on a compu
ter. The data (mean ± S.E.) were statistically analyzed by one-way ANOVA with the 
post hoc Scheffe-test with a significance level of P < 0.05. The method for GABA 
immunohistochemistry was modified from the previous report [5]. The isolated CNSs 
were fixed in 4% paraformaldehyde at 4 DC for 1 h and were sectioned at 16 flm using 
a cryostat. For cell culture, the PCs of the isolated CNS were digested with 1 % pro
tease (type IX, Sigma-Aldrich) at 34 DC for 1 h. The cell suspension was placed on a 
poly-lysine-coated glass-bottomed dish (35 mm in diameter) at the final density of 
two PCs per dish. Then the cells were further cultured at 20 DC for 3 d and were fixed 
in 4% paraformaldehyde at room temparature for 30 min. The sections or cultured 
cells were incubated in anti-GABA rabbit antibody (1: 100; Sigma-Aldrich) and then 
in Alexa Fluor 647-conjugated secondary antibody solution (1: 500; Invitrogen). 
Finally, they were mounted and photographed with a fluorescence microscope using 
a CY-5 filter (excitation 650 nm, and emission 667 nm). 

We first tested the effects of GABA-receptor agonists on the frequency of LFP 
oscillation. Bath application of GABA, muscimol (GABAA-receptor agonist) or 
baclofen (GABAB-receptor agonist) induced both the accelerating and slowing 
effects on the LFP frequency (Fig. lA-E). Such accelerating and slowing effects 
depended on the concentration and the application time of agonists. An accelerating 
effect, i.e. a slight increase in the frequency (with no significant difference), was 
recorded 1 min after the application of GABA (20 flM, Fig. lB). Such accelerating 
effect was produced only by the short-period application (short application, 0-1 min) 
of GAB A and muscimol in the low concentration (20 flM; Fig. lC, D). This increase 
in the frequency was not observed by baclofen (Fig. lE). On the other hand, in the 
cases of long-period application (persistent application, 5-10 min), GABA and mus
cimol had a slowing effect on the LFP frequency in a dose-dependent manner (Fig. 
IF, G). In the case of baclofen application, there was a slight decrease in the fre
quency but such a decrease was not significant (Fig. lH). Furthermore, bath applica
tion of bicuculline (GABAA-receptor antagonist) decreased the LFP frequency in a 

Fig. 1. Effects of agonists and antagonists of GABA receptors on frequency ofLFP oscillation in the PC. 
A. Extracellular recordings were performed by suction electrodes on the PC of the cerebral ganglion. 
PC, procerebrum; CG, cerebral ganglion, STN, superior tentacle nerve. Scale bar indicates 200 J.lm. 
B. Representative data show spontaneous periodic oscillation of LFPs by bath application of GABA to 
the PC. Short application (I min) of GAB A (20 J.lM) increased the frequency ofLFP oscillation, whereas 
persistent application (>5 min) of GABA (2 mM) decreased frequency of LFP. C-E. Summarized data of 
short application (0-1 min) of GABA receptor agonists. GABA (n = 16, C) and muscimol (n = IS, D) 
showed facilitating effects on the frequencies of the LFPs (number of LFPs/min), whereas baclofen 
(n = 12, E) had small effects on the LFP generation. F-H. Summarized data of persistent application 
(5-10 min) of GABA receptor agonists. Bath application of GABA receptor agonists decreased the fre
quency ofLFP oscillations (GABA, n = 16, F; musimol, n = 15, G; baclofen, n = 12, H). T-K. Effects of 
persistent application (5-10 min) of GABA receptor antagonists. The frequency of LFP oscillations were 
significantly decreased by GABA receptor antagonists, bicuculline (n = 15, T) and phaclofen (n = 12, J), 

and slightly decreased by CGP35348 (n = 17, K). * P < 0.05, ** P < 0.0 I 
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Fig. 2. GABA-like immunoreactivity (GABA-LlR) in the CNS of Limax. A. GABA-LlR was observed 
in the cell body layer (cb) and the neuropile layer (np) in the PC (horizontal sectional slices). CG, cerebral 
ganglion; PC, procerebrum. B. Circular projection was immunostained in the neuropile layer. This image 
was framed by a dashed rectangle inA. C. GABA-LlR was observed in the cell body layer of the PC (C) 

and in the cultured PC neurons (D). A, anterior; P, posterior. Scale bars indicate 100 Ilm 

dose-dependent manner (Fig. 1 I). Phac10fen (GABAB-receptor antagonist) also 
decreased the frequency significantly, whereas another GABAB-receptor antagonist, 
CGP35348, slightly decreased it (Fig. 11, K). In GABA immunohistochemistry, we 
found that GABA-like immunoreactive (GABA-LTR) fibers in the neuropil layers 
(Fig. 2A, B) and GABA-LTR somata in the cell body layer (Fig. 2C). As shown in 
Figure 2B, circular projection in the neuropil layers had fine varicose processes and 
may have originated from cluster neurons in the ventral side of the cerebral ganglion 
[1]. A small number ofGABA-LTR somata were observed only in the medial region, 
i.e. the basal region of the PC (Fig. 2C). Pre-absorption experiments showed no 
GABA-LTR cells in the cerebral ganglion with the PC. A few GABA-LTR cells 
(2-5%) were found in the cultured PC neurons (Fig. 2D). 

Our present findings are the first report describing that GABA is involved in 'slow' 
oscillatory network. We found the accelerating and slowing effects of GABA and a 

Acta Biologica Hungarica 63, 2012 



Effect of GABA on Limax PC 95 

GABAA agonist on the LFP frequency, but those effects of a GABAB agonist were 
not found (Fig. lA-E). In the case of short-period application of GABA in the low 
concentration, the excitability of the PC neurons was enhanced by GABAA-receptor 
activation. If GABAA activation boosts the CI- conductance as in mammals, it may 
have excitatory effects on the membrane potential of the PC neurons, because the 
equilibrium potential of CI- is more positive than the resting membrane potential in 
Limax PC neurons [7]. On the other hand, long-period application of GABA in high 
concentration slow down the LFP frequency. This phenomenon may be caused by 
desensitization ofGABA-receptors and other receptors (i.e. glutamate) [7]. However, 
we believe that both GABAA- and GABAB-receptors are involved in the PC oscilla
tory networks, because the antagonists for both receptors were effective on the LFP 
frequency (Fig. lI-K). These antagonists might block the basal effects caused by 
GABA that keeps the PC neuron activity and the LFP frequency. In addition, we 
found that GABAergic fibers (Fig. 2A, B) and somata (Fig. 2C, D) in the PC. 
Accelerating and slowing effects suggest that GABA functions as a transient enhanc
er of the "slow" oscillation in Limax brain. 
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