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Abstract 

The mode of action of baclofen on the physiology of the rat hippocampus was investigated by 
studying its effect on electrophysiological responses in the hippocampal slice preparation and by 
measuring biochemical parameters related to glutamate uptake, binding, and release. 

Baclofen inhibited, in a dose-dependent fashion, the dendritic field potentials in field CA1 
produced by stimulation of the Schaffer commissural fiber system. The drug was inactive in this 
respect at concentrations of 10 and 100 nM but consistently reduced the amplitude of both the 
dendritic field potential and the population spike at a concentration of 1 pM. At a concentration of 
25 PM, baclofen virtually abolished the dendritic and cell body responses to afferent stimulation. 
Recovery of field potentials required between 7 and 10 min following the addition of 1 pM baclofen. 

The levorotatory form of baclofen was much more potent in suppressing synaptic responses than 
was the dextrorotatory enantiomer. 

Baclofen, at a concentration of 5 PM, strongly antagonized the excitation of pyramidal neurons 
evoked by iontophoretically applied glutamate. The antagonism of the glutamate effect was much 
reduced when the slices were maintained in low calcium, high magnesium perfusion medium. 
Moreover, under low calcium conditions, baclofen did not interfere with the effects of bath-applied 
glutamate on antidromically elicited responses. 

Baclofen did not affect the Na+-dependent or Na+-independent binding of [3H]glutamate to crude 
synaptic membrane fractions from the hippocampus. However, at a concentration of 1 PM, it 
markedly inhibited potassium-induced release of [3H]glutamate from hippocampal synaptosomes. 

Taken together, the present results strongly suggest that baclofen suppresses synaptic responses 
in the Schaffer commissural fiber system of the hippocampus by blocking the release of an excitatory 
amino acid transmitter. 

The mechanism and site of action of the antispastic 
agent baclofen (Lioresal) are still a matter of controversy. 
In view of its close structural resemblance to GABA, the 
drug was originally thought to be a GABA agonist. How- 
ever, subsequent studies found that baclofen has a low 
affinity for GABA binding sites (Olsen et al., 1978) and 
that its depressant action on cell firing is not antagonized 
by bicuculline (Curtis et al., 1974). While it does not 
appear that baclofen exerts its physiological effects via 
the “classical” GABA receptors, recent work has sug- 
gested that it may interact with a novel, bicuculline- 
insensitive GABA binding site (Bowery et al., 1979). It 
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was suggested that this receptor is involved in the regu- 
lation of transmitter release, and in support of this, 
GABA and baclofen were shown to inhibit the release of 
noradrenaline (Bowery et al., 1980). In a more recent 
study, however, Ault and Evans (1981) found baclofen to 
be inactive at noradrenergic synapses but to be a very 
potent inhibitor of neurotransmission in the hemisected 
spinal cord; these authors concluded that baclofen exerts 
its depressant action on spinal neurotransmission 
through inhibition of the release of excitatory amino 
acids (see also Fox et al., 1978, for similar arguments). A 
similar hypothesis has emerged from biochemical studies 
showing that baclofen blocks the release of several acidic 
amino acids from brain tissue (Potashner, 1978; Johnston 
et al., 1980). 

A substantial body of evidence from several laborato- 
ries indicates that excitatory amino acids, and in partic- 
ular glutamate, serve as neurotransmitters of the major 
synaptic systems in rat hippocampus (see Storm-Math- 
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isen, 1977; Baudry and Lynch, 1981a, b, for reviews). The 
present experiments were intended first to identify the 
physiological actions of baclofen in the hippocampus and 
then to ascertain if these were correlated with effects on 
glutamate binding, uptake, and release. Since baclofen 
consists of a mixture of two enantiomers, with the I form 
being active and the d form being inactive (Olpe et al., 
1978), the stereospecificity of the drug’s effect was as- 
sessed. 

The results strongly support the hypothesis that bac- 
lofen inhibits transmission by blocking the release of 
glutamate. 

Materials and Methods 

Electrophysiological experiments. Experiments were 
performed on male Sprague-Dawley rats weighing 180 to 
250 gm (Simonsen Laboratories, Gilroy, CA). Hippocam- 
pal slices were prepared as described previously (Dun- 
widdie et al., 1978). The animals were killed by decapi- 
tation, and their brains were removed and transferred 
into pregassed medium (4°C). The hippocampi were 
isolated carefully and cut into 400~pm-thick transverse 
slices using a Sorvall tissue chopper. The slices were 
placed on a nylon net located in a perfusion chamber as 
previously described (Spencer et al., 1976). The medium 
had the following composition: NaCl, 124 mM; KCl, 3.33 
mM; KH2POI, 1.25 mu; MgS04,1.33 mM; CaClz, 3.13 mu; 
NaHC03, 25.7 mu; and n-glucose, 10 mM. In some exper- 
iments, CaC12 was omitted and an equimolar concentra- 
tion of MgS04 was substituted. The medium was pre- 
gassed with 95% 02,5% CO2 and its temperature was kept 
between 33 and 35°C. The slices were kept in a static 
condition for 30 min with the medium level adjusted to 
their upper surface. They were subsequently super-fused 
with gassed medium at a rate of 3.0 ml (1 chamber 
volume)/min. Baclofen was dissolved in the medium and 
added by injection into the perfusion line. The drug was 
synthesized in the chemical laboratories of Ciba-Geigy 
Ltd., Basel. 

Hippocampal slices were stimulated by means of 
twisted 120-p Nichrome wires placed under visual con- 
trol either into the Schaffer commissural fiber system of 
the stratum radiatum (orthodromic activation) or on the 
alveus (antidromic stimulation). Glass micropipettes 
(impedance, 1 to 5 megohms) filled with 2 M NaCl were 
used for recording electrodes. One pipette was placed in 
the dendritic zone of the CA1 pyramidal cells, where it 
recorded the orthodromically elicited negative field po- 
tential representing the extracellular concomitants of the 
dendritic, excitatory postsynaptic potentials. A second 
electrode was placed in the pyramidal cell layer to record 
the orthodromic (population spike) or antidromic re- 
sponse of these cells evoked by stimulation of the Schaf- 
fer commissural fibers or of the alveus, respectively. 
Perfusion with baclofen at various concentrations (10 nM, 
100 nM, and 1, 5, and 25 PM) was started when stable 
responses to orthodromic and antidromic stimulation 
were observed for a period of at least 5 min. Drug 
perfusions lasted 5 min in all instances. Following the 
termination of drug delivery, recovery was observed for 
various periods of time. A drug was considered to be 
active only if its effect was fully reversible. Electrical 

stimulation of the slices was accomplished with mono- 
phasic O.l-msec pulses of 2 to 10 V delivered at a rate of 
0.6 set-‘. The signals were led into an averager or com- 
puter and plotted on a X-Y recorder. Typically, eight 
potentials were averaged. 

In a second series of experiments, the action of baclofen 
(5 pM) added to the perfusion medium on glutamate- 
evoked excitation of pyramidal neurons was investigated. 
Pyramidal cells were activated by administering gluta- 
mate (0.5 M) iontophoretically to the neurons’ dendrites 
by means of single glass micropipettes. A retaining cur- 
rent of 20 nA was used routinely. Glutamate was ejected 
repetitively at intervals of 1 min for periods of 3 to 5 set 
using currents of 2 to 30 nA. A glass micropipette placed 
in the cell body layer of stratum pyramidale of field CA1 
recorded the action potentials of a single cell. The neu- 
rons were identified tentatively as pyramidal cells on the 
basis of their characteristic bursting pattern. The number 
of action potentials was recorded for each period of 
glutamate application using conventional techniques. 
Once constant responses to the ejection of glutamate 
were obtained, baclofen was added to the perfusion me- 
dium. These experiments were performed either in the 
presence or absence of calcium in the perfusion medium. 

Biochemical experiments: [3H]Glutamate binding, 
uptake, and release. Hippocampal membranes were pre- 
pared and immediately assayed for r3H]glutamate bind- 
ing in the presence or absence of calcium as previously 
described (Baudry and Lynch, 1981a). High affinity [3H] 
glutamate uptake was measured on crude mitochondrial 
fractions according to the procedure of Sandoval et al. 
(1978) as described (Baudry and Lynch, 1981a). Calcium 
(2.5 mM) was included in the assay since Hill and Bowery 
(1981) report that baclofen binding is cation dependent. 
[3H]Glutamate release was evaluated by a modification 
of the method of Levy et al. (1974). Crude mitochondrial 
fractions from rat hippocampus were prepared by differ- 
ential centrifugation. After resuspension in Krebs-Ringer 
bicarbonate buffer, synaptosomes were preloaded with L- 

r3H]glutamate (100 nM) by a 30-min incubation at 37°C 
under a constant stream of 02:COz (95:5) and then cen- 
trifuged at 10,000 X g for 15 min. The pellet was resus- 
pended in oxygenated Krebs-Ringer bicarbonate buffer 
and aliquots were preincubated for 3 min at 37°C with or 
without 1 PM baclofen. K+ (50 mM) then was added and 
the incubation continued for 3 min. Free [3H]glutamate 
was separated from bound [3H]glutamate by rapid filtra- 
tion on Millipore cellulose filters (pore size, 0.45 pm) and 
the radioactivity of both the filters and the filtrates was 
measured by liquid scintillation spectrophotometry. 

Results 

Effect of baclofen on electrophysiological responses. 
Baclofen at a concentration of 1 PM (n = 5) markedly 
inhibited the size of the population spike and consistently 
reduced the amplitude of the dendritic field potential 
evoked by stimulation of the Schaffer commissural sys- 
tem (Fig. 1, a and b). No significant effect on either 
response was detected with concentrations of 10 nM (n 
= 2) or 100 nM (n = 4; data not shown). At a concentration 
of 1 PM, the onset of action occurred 2 to 2.5 min after 
the start of perfusion. At this drug concentration, full 
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recovery was observed 7 to 10 min after the 5-min per- 
fusion. At a concentration of 25 pM, the dendritic re- 
sponse was reduced by more than 50% (Fig. Id) and the 
population spike was eliminated (Fig. lc). Recovery was 
seen 60 to 90 min after termination of the perfusion with 
the drug (n = 2). The amplitude of the antidromically 
elicited negative field potential recorded in the pyramidal 
cell layer was not affected at concentrations of 1 (n = 2), 
5 (n = 3)) or 25 PM (n = 1) during a 5-min perfusion (data 
not shown). 

In order to assess the stereoselectivity of the depres- 
sant action of baclofen, slices were perfused for 5 min 
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Figure 1. Effect of baclofen on the dendritic field potential 
and population spike. Population spike and dendritic field po- 
tentials evoked by stimulation of the Schaffer commissural 
fiber system were recorded at various times following perfusion 
of the slices with 1 (a and b) or 25 pM (c and d) baclofen. C 
refers to predrug responses. Each trace is the average of eight 
responses obtained at 0.6 see-‘. 
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with various concentrations of either the levorotatory or 
the dextrorotatory enantiomer of baclofen. The levoro- 
tatory enantiomer of baclofen at a concentration of 1 PM 

markedly reduced the size of the population spike and of 
the dendritic response (Fig. 2, a and b; n = 3). By 
contrast, at concentrations of 5 PM, the dextrorotatory 
form of baclofen had no effect on the two types of 
responses (Fig. 2, c and d; n = 4). While the levorotatory 
enantiomer of baclofen at a concentration of 25 PM 

strongly reduced the dendritic field potentials and com- 
pletely suppressed the population spike, the dextrorota- 
tory enantiomer only minimally affected the size of these 
potentials at this concentration (Fig. 2, e and f; n = 3). 

The action of baclofen (5 PM) on the glutamate-induced 
excitation of pyramidal neurons was investigated on 12 
neurons in Ca2+-free medium and on 9 neurons in Ca2+- 
containing medium. Baclofen reduced the glutamate-in- 
duced excitation of pyramidal neurons by about 60% 
under normal medium conditions (Fig. 3). Recovery from 
this effect was seen about 4 min after the end of the 
perfusion with the drug. By contrast, in the absence of 
Ca2+ ions and in the presence of an increased Mg”+ 
concentration, the same concentration of baclofen (5 PM) 

only marginally affected the responsiveness of pyramidal 
cells to glutamate (Fig. 3). 

As a further test of the possible postsynaptic actions 
of baclofen, the effects of the drug on glutamate-induced 
changes in antidromic responses elicited by stimulation 
of the alveus were tested under low calcium, high mag- 
nesium conditions. Figure 4 illustrates the results of a 
typical experiment. Glutamate (1 mM) was added to the 
perfusion line and produced a rapid, replicable, and fully 
reversible reduction in the size of the antidromic re- 
sponse. Baclofen exerted no measurable effects on the 
antidromic response or on the glutamate-induced reduc- 
tion of the response (see Table I). 

Biochemical studies of baclofen on glutamate uptake, 
binding, and release. In order to assess the possible site 
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Figure 2. Stereospecificity of the depressant action of baclofen. Population spike and dendritic 
field potential evoked by stimulation of the Schaffer commissural fiber system were recorded at 
various times following perfusion of the slices with: 1 pM I-baclofen (a and b), 5 pM d-baclofen 
(c and d), and 25 pM d-baclofen (e and f ). The asterisks indicate the fiber volley. c, d, and fare 
responses obtained after 5 min of perfusion with the respective drugs. 
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Figure 3. Effect of baclofen on glutamate-induced neuronal 
activation in the presence or absence of calcium. Pyramidal 
cells were activated by microiontophoretic administration of 
glutamate (3 to 5 set, 2 to 30 nA) onto their dendrites at 
intervals of 1 min. The number of spikes recorded from individ- 
ual neurons during each period of glutamate application was 
determined. The results are expressed as a percentage of the 
average activity measured during two or three predrug control 
recordings. The perfusion with baclofen lasted 4 min and was 
followed by a 4-min washout period. The effect of baclofen was 
determined in the presence of calcium (0; n = 9) or in the 
absence of calcium (e n = 11). Each trace is the average of 
eight responses obtained at 0.8 set-‘. Each data point repre- 
sents the mean f  SEM of 9 or 11 experiments. 
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Figure 4. Effect of baclofen on glutamate-induced reduction 
of the antidromic potential in the absence of calcium. The 
antidromic field potential evoked by stimulation of the alveus 
was recorded in the CA1 pyramidal field in slices continuously 
perfused with a calcium-free medium. Three- to 5-min pulses of 
various concentrations of glutamate were applied (upper level 
of boxes) without or with pretreatment with various concentra- 
tions of baclofen (lower level). The results (mean of 2 experi- 
ments) are expressed as the percentage of the average ampli- 
tude of the potential measured for 10 to 15 min before starting 
the drug perfusions. Hatched bars, 0.5 mM glutamate, 5 pM 

baclofen; open bars, 1 mM glutamate, 10 pM baclofen; solid 
bars, 2 mu glutamate, 15 pM baclofen. 

of action of baclofen in the hippocampus, we measured 
its effect on several biochemical markers of glutamatergic 
synapses. The sodium-independent [3H]glutamate bind- 
ing site has been shown to have properties expected of a 
postsynaptic glutamate receptor, while the sodium-de- 
pendent binding site appears to be associated with high 
affinity uptake sites (Baudry and Lynch, 1981a, b). Bac- 
lofen, in the range 0.1 PM to 0.1 mM, was totally devoid 
of effect on the sodium-independent r3H]glutamate bind- 
ing as well as on the calcium-induced stimulation of [3H] 
glutamate binding (Baudry and Lynch, 1981b) to crude 
synaptic membranes from hippocampus. Similarly, bac- 
lofen, in the same range of concentrations, did not modify 
the sodium-dependent [3H]glutamate binding to hippo- 
campal synaptic membranes nor the high affinity uptake 
of C3H]glutamate by hippocampal synaptosomes. On the 
other hand, the drug quite significantly reduced the K+- 
evoked release of [3H]glutamate from hippocampal syn- 
aptosomes (Table II). Concentrations of baclofen as low 
as 1 PM inhibited the K+-evoked release of r3H]glutamate 
by about 5076, whereas it had no effect on the sponta- 
neous release of preloaded r3H]glutamate. 

Discussion 
Baclofen, in a stereospecific fashion, produces a rapid 

and reversible suppression of the monosynaptic re- 

TABLE I 
Effect of glutamate and baclofen on the antidromic field potential in 

the CA1 pyramidal field 
The data were obtained from the experiments illustrated in Figure 

4. For the effects of haclofen, the results are expressed as ratios of the 

amplitude of the potential during and before the period of baclofen 
perfusion. For the effects of glutamate, the results represent the maxi- 
mal decrease elicited by glutamate as a percentage of the average 
amplitude of the potential recorded during the 10 to 15 min before 
starting the drug perfusions. The values represent the mean f SEM of 

4 to 6 experiments. 

Baclofen 
Glutamate 

0 5W 10 /AM 15pbI 

n&n 

0 loo&5 112 + 10 108 * 6 98 + 8 
0.5 54 * 8 49 + 6 

1.0 41 f8 49 -e 7 
2.0 27 -c 4 29 + 6 

TABLE II 
Effect of baclofen (I pM) on K’-evoked [:‘H]glutamate release from 

hippocampal synaptosomes 
Hippocampal synaptosomes were prepared by differential centrifu- 

gation. After a preloading period with r’H]glutamate (100 nM) followed 
by centrifugation, synaptosomes were preincubated for 3 min at 37OC 
with or without 1 pM baclofen. Basal or K’-evoked [:‘H]glutamate 
release was determined by a further 3-min incubation, with or without 

50 mM KCl, followed by filtration on Millipore filters. The results (mean 
+ SEM) are expressed as the ratios of the radioactivity found in the 

filtrate over that found in the corresponding filter. 

Basal K’ (50 mM) Percent 

Control (12)” 0.60 -c 0.03 1.14 + 0.04 90 
Baclofen (12) 0.60 + 0.04 0.93 + 0.04” 55 

” Number of experiments. 
“p < 0.01 as compared to the K’-evoked release in the absence of 

baclofen (Student’s t test). 
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sponses of the CA1 pyramidal cell dendrites to their 
Schaffer commissural afferents. In a paper which ap- 
peared while this communication was under review, Lan- 
thorn and Cotman (1981) report that baclofen depresses 
this response. The drug also causes a pronounced inhi- 
bition of the increase in cell firing produced by glutamate 
applied iontophoretically to the dendrites. This effect 
occurred in the absence of detectable changes in the size 
of either population antidromic responses or individual 
cell spikes. Since these latter two measures are sensitive 
to resting membrane potential, it is unlikely that baclofen 
causes a generalized (i.e., cell-wide) depolarization or 
hyperpolarization. An effect of the drug on a dendritic 
ion conductance channel could reduce transmission and 
glutamate-induced excitation (e.g., by a shunting action) 
and possibly reduce cell spiking by interfering with the 
postsynaptic effects of spontaneously released transmit- 
ter from the Schaffer commissural terminals. A blocking 
action on glutamate receptors also would accomplish this 
effect. Alternatively, and as has been suggested previ- 
ously, baclofen may block the release of the excitatory 
transmitter utilized by the Schaffer commissural affer- 
ents. 

Several aspects of the present findings support this 
latter interpretation. First, the suppression of glutamate- 
induced cell firing produced by baclofen was greatly 
reduced when the slices were perfused with low calcium, 
high magnesium media. The simplest interpretation of 
this finding is that iontophoretically applied glutamate 
stimulates the pyramidal cells by promoting release from 
the Schaffer commissural afferents (by depolarizing the 
terminals) and by acting directly on the target dendrites 
and that baclofen inhibits the first of these two effects. 
Further support for the hypothesis that baclofen does 
not interfere with the postsynaptic actions of glutamate 
was obtained in experiments in which amino acid was 
perfused into the slices under low calcium conditions. 
Baclofen by itself did not alter antidromic responses 
detectably in these experiments nor did it antagonize the 
marked depression of the response produced by brief 
pulses of glutamate. This result accords well with the 
finding of Ault and Evans (1981) that baclofen blocked 
glutamate-induced depolarization of spinal motoneurons 
in the presence, but not in the absence, of synaptic 
transmission. While it is possible that the baclofen bind- 
ing site has a strong calcium requirement, biochemical 
experiments have shown that the drug binds equally well 
in the presence of calcium or magnesium (Hill and Bow- 
ery, 1981) and the reduced calcium in our experiment 
was balanced by increased magnesium. Finally, the bio- 
chemical experiments provided direct evidence that bac- 
lofen does block the release of excitatory amino acids. 
The drug was found to have no effects, even at high 
concentrations, on the sodium-dependent and sodium- 
independent binding of glutamate nor did it detectably 
influence high affinity glutamate uptake. However, at 
physiologically effective concentrations, baclofen did 
block potassium-induced release of preloaded [3H]gluta- 
mate. 

As mentioned, a substantial body of evidence suggests 
that glutamate, or a closely related compound, is the 
transmitter utilized by the Schaffer commissural projec- 

tions. Our conclusion that baclofen acts presynaptically 
to block release from these terminals is in agreement 
with previous studies which indicate a similar mode of 
action of the compound in suspected glutamatergic ter- 
minals in the spinal cord (Davidoff and Sears, 1974; Fox 
et al., 1978; Ault and Evans, 1981). It also has been found 
that baclofen blocks the release of amino acid agonists 
from cortical slices without interfering with GABA 
release (Potashner, 1978). However, while there is ample 
reason to assume that the depressant effects of the drug 
on release are not universal (Ault and Evans, 1981; Po- 
tashner, 1978), it would be premature to conclude that 
baclofen acts only on synapses utilizing glutamic acid as 
a transmitter. 
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