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Differential Responsiveness of Cerebellar Purkinje Neurons to GABA 
and Benzodiazepine Receptor Ligands in an Animal Model of 
Hepatic Encephalopathy 
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The role of the GABA-benzodiazepine receptor complex in 
the pathogenesis of hepatic encephalopathy was investi- 
gated by recording the electrophysiological responses of 
single cerebellar Purkinje neurons from rabbits with hepatic 
encephalopathy due to galactosamine-induced fulminant 
hepatic failure. Both the GABAmimetic muscimol and the 
benzodiazepine receptor agonist flunitrazepam were 3-4 
times more potent in depressing the spontaneous activity 
of Purkinje neurons from rabbits with hepatic encephalop- 
athy than from control animals. Furthermore, qualitatively 
different responses of Purkinje neurons to benzodiazepine 
receptor antagonists (Ro 15-1788 and Ro 14-7437) were 
found in controls and rabbits with hepatic encephalopathy. 
These compounds markedly excited Purkinje neurons from 
rabbits with hepatic encephalopathy, but had either no effect 
(Ro 14-7437) or partially suppressed (Ro 15-l 788) the spon- 
taneous activity of neurons from control animals. In addition, 
incubation of Purkinje neurons from rabbits with hepatic en- 
cephalopathy with subthreshold concentrations of Ro 14- 
7437 reduced their sensitivity to muscimol, whereas treat- 
ment of control neurons with Ro 14-7437 had no effect on 
their sensitivity to muscimol. Finally, Purkinje neurons from 
hepatic encephalopathy and control rabbits displayed no 
difference in sensitivity to the depressant actions of the 
a-adrenoceptor agonist phenylephrine. 

These findings demonstrate a differential responsiveness 
of Purkinje neurons from an animal model of hepatic en- 
cephalopathy to ligands that interact with the GABA-ben- 
zodiazepine receptor complex. Furthermore, the observa- 
tions made in this experimental model are consistent with 
the involvement of the GABA-benzodiazepine receptor com- 
plex in mediating hepatic encephalopathy, and provide a 
potential explanation for the reported efficacy of benzodi- 
azepine receptor antagonists in ameliorating this syndrome. 

Hepatic encephalopathy (HE) is a complex neuropsychiatric 
disorder that complicates severe acute or chronic hepatocellular 
failure irrespective of its etiology. The earliest signs of HE reflect 
bilateral forebrain dysfunction, with subtle changes in behavior 
and intellectual processes. As the syndrome progresses, ataxia 
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and motor impairment ensue, with the eventual loss of con- 
sciousness (Conn and Liebethal, 1978; Sherlock, 198 1; Hoyum- 
pa and Schenker, 1982; Zieve, 1982). While the pathogenesis 
of this disorder is unknown, metabolic derangements resulting 
from liver failure, such as the accumulation of ammonia, mer- 
captans, and short-chain fatty acids have been implicated in the 
development of HE (Zieve, 1982). However, none of the met- 
abolic derangements that have been studied adequately account 
for the known manifestations of the syndrome. 

Recently, evidence has accumulated that implicates the 
GABA-benzodiazepine receptor complex in the clinical mani- 
festations and pathogenesis of HE (Jones et al., 1984; Jones and 
Schafer, 1986). Increased densities of GABA and benzodiaze- 
pine (BZ) receptors in the CNS have been reported in several 
animal models of HE, including models of fulminant hepatic 
failure (FHF), cirrhosis, and portal-systemic encephalopathy 
(Baraldi and Zeneroli, 1982, 1984a, b; Schafer et al., 1983; 
Pappas, 1984; Pappas and Gordon, 1986). In addition, the ab- 
normalities of the visual evoked response (VER) waveform of 
2 chemically induced animal models of HE due to FHF resemble 
those found in normal animals made encephalopathic by ben- 
zodiazepines, barbiturates, or GABAmimetics (Pappas et al., 
1984; Schafer et al., 1984; Bassett et al., 1987; Jones et al., 
1987). These classes of drugs are believed to produce their phar- 
macologic effects by interacting with multiple allosteric regu- 
latory sites on the GABA-BZ receptor (supramolecular com- 
plex; Tallman et al., 1980; Skolnick and Paul, 1982) thereby 
increasing chloride conductance (MacDonald and Barker, 1978; 
Nicoll and Wojtowicz, 1980; Schulz and MacDonald, 1980; 
Hamill et al., 1983). The abnormal VER waveform observed 
in these animal models of HE can be normalized by the admin- 
istration of either BZ or GABA receptor antagonists (Baraldi et 
al., 1984a; Bassett et al., 1987; Gamma1 et al., 1987), further 
supporting the involvement of the supramolecular complex in 
the pathogenesis of HE. 

Despite these findings, the involvement of the supramolecular 
complex in the pathogenesis of HE remains controversial (see 
Hoyumpa, 1986, for a review). Since the VER represents the 
summation of the electrical activity of a large population of 
neurons (Chiappa and Ropper, 1982) a quantification of the 
responses of single neurons to pharmacologic manipulations 
would provide a more direct means of examining the role of 
the supramolecular complex in the syndrome of HE. This paper 
reports both qualitative and quantitative differences in the ef- 
fects of BZ and GABA receptor ligands on the spontaneous 
activity of Purkinje neurons from rabbits with HE due to galac- 
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Figure 1. A, Series of action potentials from a spontaneously active 
Purkinje neuron recorded extracellularly from a control rabbit cerebellar 
slice. Approximate spike amplitude, 320 FV; duration, 1 sec. B, Inter- 
spike interval histogram of the neuronal activity in A. The single modal 
peak is indicative of an individual, regularly firing neuron. The mean 
firing rate of this neuron was 24.3 discharges/set (dps), for a total of 
1604 events. 

tosamine-induced FHF and control rabbits. These findings 
are consistent with the involvement of the supramolecular com- 
plex in an experimental model of HE. 

Materials and Methods 
Animals. Male New Zealand White rabbits (-2 kg; Small Animal Sec- 
tion, VRB, NIH, Bethesda, MD) were maintained under a 12 hr day/ 
night cycle with free access to food and water. FHF was induced using 
a modification of the method of Blitzer et al. (1978). Animals were 
infused with galactosamine HCl(4.0 mmol/kg dissolved in 8 ml of 0.9% 
saline, pH 6.8) over a 2 min period via an ear vein. Control animals 
received an equal volume of the vehicle. Neurologic features of en- 
cephalopathy were manifest within 12-l 8 hr following galactosamine 
administration. The clinical stages of encephalopathy were as follows: 
stage I, lethargy; stage II, mild ataxia, poorly maintained head posture; 
stage III, severe ataxia, hindlimb extension, loss of righting reflex, nys- 
tagmus; and stage IV, coma (Bassett et al., 1987; Jones et al., 1987). 
Only rabbits in stages II-III of encephalopathy were studied. 

Cerebekzr s/ice preparation. Slices of cerebellar vermis were prepared 
using a modification of the technique for preparing rat cerebellar slices 
(Basile et al., 1983; Basile and Dunwiddie, 1984). Rabbits were decap- 
itated according to AALAC guidelines, their cerebella rapidly removed 
and placed in ice-cold modified Ringer’s medium (124 mM NaCl, 4 mM 
KCl, 3.9 mM MgSO,, 1.2 mM KH,PO,, 0.1 mM CaCl,, 25 mM NaHCO,, 
and 10 mM D-glucose) saturated with 95% 0,/S% CO,. The Cal+ and 
Mg*+ concentrations of this medium were altered in order to significantly 
inhibit (> 90%) evoked synaptic activity (Basile and Dunwiddie, 1984). 
Slices (400 pm thick) were prepared with a Sorvall TC-2 tissue slicer 
and placed in an incubation chamber filled with the same medium under 
a humidified atmosphere of 95% 0,/5% CO, (Dunwiddie and Lynch, 
1978). The slices were allowed to stabilize in this medium (34°C) for at 
least 45 min before transfer to a separate recording chamber (Haas et 

Table 1. Summary of neuronal responses 

Control HE 

+ - NE + - NE 

Muscimol 28 5 29 3 
Flunitrazepam 4 36 2 2 35 4 
Ro 15-1788 28 3 38 2 6 
Ro 14-7437 25 31 3 

The spontaneous activity of single Purkinje neurons was recorded from cerebellar 
slices derived from 19 controls and 27 rabbits with HE. These neurons displayed 
a firing rate of 22.5 + 1.8 and 24.9 f  1.6 dps (mean f  SEM), respectively. The 
table analyzes the responses of all neurons that met the criteria described in 
Materials and Methods. +, Excitation; -, inhibition; NE, no effect. The maximum 
depressions of cell firing produced by muscimol and flunitrazepam were observed 
at 6.9 f  0.3 and 4.8 * 0.3 min, respectively, after initiating superfusion. The 
maximum increases in firing rate of Purkinje neurons from rabbits with HE after 
perfusion with Ro 14-7437 and Ro 15-1788 were observed after mean latencies 
of 4.6 f  0.7 and 2.2 i 0.4 min, respectively. 

al., 1979). While in the recording chamber, the cerebellar slices were 
continually perfused with 95% 0,/5% CO, saturated medium at a flow 
rate of 1.9-2.2 ml/min. Drug solutions were added to control medium 
using calibrated syringe pumps (Raze1 Scientific Instruments) at a flow 
rate of 30-250 @Urnin through a manifold in the media delivery tubing. 
Recordings were made from only one Purkinje neuron in each slice to 
minimize the possibility of drug-induced desensitization. Drugs were 
applied to the slice for 5-15 min intervals. Each cell was studied for 
15-35 min. None of the vehicles used in this study had any effect on the 
spontaneous activity of Purkinje neurons when applied at flow rates up 
to 0.5 ml/min. 

Data acquisition and analysis. Action potentials were recorded ex- 
tracellularly from single Purkinje neurons using glass microelectrodes 
(2-4 MQ resistance) filled with 3 M NaCl. The electrical activity of single 
Purkinje neurons was then processed and recorded electronically using 
standard techniaues (Basile et al.. 1983: Basile and Dunwiddie, 1984). 
Mean neuronal &i-i,, rates (in diichargks per second, dps) were deter- 
mined before, during, and after drug application. Neuronal responses 
to drugs are expressed as the ratio of the mean firing rate determined 
at the time of maximum drug effect to rates recorded during pre-drug 
control periods. If  the firing rate of the neuron did not return to within 
20% of the control rate after drug administration was terminated, or if 
an abnormal firing pattern (e.g., bursting, irregular) was observed, data 
from the cell were not included in the analysis. Responses from 3-6 
cells were averaged and used to construct concentration-response curves. 
The EC,, and IC,, values of these curves were determined using probit 
analysis, and the 95% confidence intervals for these values determined 
using the Lichtfield-Wilcoxon test (Tallarida and Murray, 1987). Curves 
were fitted to the concentration-response data using the computer mod- 
eling prOgram MLAB @CRT, NIH). 

Chemicals. Ro 15- 1788 and flunitrazepam were dissolved in ethanol. 
Ro 14-7437, muscimol, and phenylephrine were dissolved in distilled 
water. These stock solutions were added to medium and diluted 1 O,OOO- 
200,000-fold during application to the slice. Ro 15-1788, Ro 14-7437, 
and flunitrazepam were gifts from Dr. Peter Sorter (Hoffman-LaRoche, 
Nutley, NJ). Galactosamine-HCl was purchased from ICN Nutritional 
Biochemicals (Cleveland, OH), muscimol from Research Biochemicals 
(Wayland, MA), and phenylephrine HCl from Sigma (St. Louis, MO). 

Results 
Characterization of rabbit Purkinje neurons in vitro 
Nineteen vehicle (control) and 27 galactosamine (HE)-treated 
rabbits were used in this study. The mean firing rates of Purkinje 
neurons did not differ significantly between the control and HE 
groups (22.5 f  1.8 dps; n = 131, and 24.9 +- 1.6 dps; n = 153, 
respectively), and were similar to the firing rates of Purkinje 
neurons from rat cerebellar slices (19.4 +- 0.8 dps) (Basile and 
Dunwiddie, 1984). The extracellular action potentials recorded 
from these neurons displayed a biphasic waveform character- 
istic of Purkinje neurons and exhibited a stable firing pattern 
(Fig. 1A). This pattern was indicated in the interspike interval 
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Figure 2. A, Concentration-response curve for the inhibition of-Pur- 
kinje neuron activity by muscimol. Open triangles, HE neurons; open 
squares, control neurons. Each data point represents the mean + SEM 
of responses from 3-6 cells. Responses were recorded from one neuron 
per slice. The IC,, values of muscimol for control and HE neurons are 
1.37 and 0.30 PM, respectively, as determined by probit analysis. B, 
Concentration-response curves for the inhibition of Purkinje neuron 
activity by the benzodiazepine receptor agonist flunitrazepam. Symbols 
as in A. Each data point represents the mean + SEM of responses from 
3-5 cells. IC,, values from control and HE curves are 1.71 and 0.50 
FM, respectively, as determined by probit analysis. Curves were fitted 
to the data points using MLAEI. 

histogram by the single modal peak (Fig. lB), which consisted 
of a moderately broad distribution of spike intervals relative to 
those observed from the rat Purkinje neuron. The identity of 
these neurons in the cerebellar slice was confirmed by driving 
them antidromically (data not shown). 

Responses of Purkinje neurons to GABA and benzodiazepine 
receptor agonists 

Superfusion of cerebellar slices with the GABA receptor agonist 
muscimol (O.OS-5 WM) produced a concentration-dependent re- 
duction in the spontaneous activity of Purkinje neurons from 
both control and HE rabbits (Table 1). However, muscimol was 
=4.2-fold more potent in depressing the spontaneous activity 

of neurons from rabbits with HE than of controls (control: IC,,, 
95% confidence intervals-1.4, 0.8-2.2 PM; HE: 0.3, 0.2-0.6 
PM) (Fig. 2A). A similar increase in the inhibitory potency (z 3.4- 
fold) of flunitrazepam (0.10-10 PM) was also observed in Pur- 
kinje neurons from rabbits with HE (control: IC,,, 95% confi- 
dence intervals-1.7, 1.0-2.9 PM; HE: 0.5, 0.3-1.0 PM) (Fig. 
2B). 

The selectivity of this differential sensitivity of Purkinje neu- 
rons to depression by GABA-BZ receptor agonists was exam- 
ined using the a-adrenoceptor agonist phenylephrine (Mueller 
et al., 1982; Mynlieff and Dunwiddie, 1986). No significant 
difference in the depression produced by phenylephrine (50 PM) 

was observed between Purkinje neurons from controls and from 
rabbits with HE (37 f 5.6% and 40 ? 7.9%, respectively; Fig. 
5). 

Responses of Purkinje neurons to benzodiazepine receptor 
antagonists 

The effects of 2 BZ receptor antagonists, Ro 15-1788 and Ro 
14-7437 (King et al., 1984; Krespan et al., 1984; Mohler and 
Richards, 198 1) were examined in cerebellar slices from control 
and HE rabbits. In vehicle-injected rabbits, Ro 15-1788 de- 
pressed the spontaneous activity of Purkinje neurons in a con- 
centration-dependent manner (Table 1, Fig. 3A), with an IC,, 
of 1.5 PM (95% confidence interval = 0.7-3 FM) and a maximum 
inhibition of -70% (at 5 and 10 PM) (Fig. 4). This depressant 
action was observed in 90% of the neurons examined (Table 1). 
In contrast, application of Ro 15-1788 to Purkinje cells from 
HE rabbits excited more than 85% of the cells tested (Table 1, 
Fig. 3B). The maximum increase in firing rate elicited by Ro 
15-l 788 (IC,,, 0.4 PM; 95% confidence interval, 0.1-2.5 PM) was 
~45% (Fig. 4). At the highest concentration of Ro 15-1788 
examined (5 PM), the amplitude of the excitation was reduced. 

Since an apparent qualitative difference in the action of Ro 
15- 1788 was observed in Purkinje neurons from controls and 
rabbits with HE, we studied the effect of another BZ receptor 
antagonist, Ro 14-7437. While Ro 14-7437 had no effect on the 
firing rate of Purkinje neurons from control animals (0.5-7.5 
PM; Table 1, Fig. 30, this compound elicited a robust excitation 
in 90% of the Purkinje neurons examined from rabbits with HE 
(Fig. 30). The maximum increase in firing rate elicited by Ro 
14-7437 was = 125%, with an EC,, of 1.4 PM (95% confidence 
interval, 0.7-3.1 PM). 

Finally, although muscimol(O.75 PM) was a significantly more 
potent depressant of Purkinje neurons from rabbits with HE 
than from control rabbits (F( 1,3) = 26.753, p < 0.05; Student- 
Newman-Keuls multiple range test of means), pretreatment with 
a subthreshold concentration of Ro 14-7437 (0.5 PM) abolished 
this difference. Coperfusion of muscimol and Ro 14-7437 de- 
pressed neuronal cell firing in control rabbits to the same extent 
as did muscimol alone (28 ? 3.5% versus 22 Ifr 5.2%, respec- 
tively) (Fig. 5). In contrast, Ro 14-7437 reduced the depressant 
actions of muscimol on Purkinje neurons from rabbits with HE 
(25 * 3.2% versus 72 -t 6.8% in the presence and absence of 
Ro 14-7437, respectively) (Fig. 5) to values that were not sig- 
nificantly different from those observed in neurons from control 
animals perfused with muscimol alone. 

Discussion 

Despite recent evidence supporting an involvement of the 
GABA-BZ receptor chloride ionophore complex (supramolec- 
ular complex) in HE, this hypothesis remains controversial (Ho- 
yumpa, 1986). Recent studies in animal models of HE due to 
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Figure 3. Ratemeter records of Purkinje neuron responses to benzodiazepine receptor antagonists. The effects of Ro 15-1788 (2.5 &M) on the 
spontaneous firing rate of Purkinje neurons from controls and rabbits with HE are shown in A and B. In these records, after a 3-5 min control 
period, Ro 15-1788 was applied to the slice for approximately 5 min. After a short latency, Ro 15-1788 inhibited (42%) the activity of control 
rabbit Purkinje neurons, but excited neurons from rabbits with HE (63%). These effects were reversible, as indicated by the recovery of neuronal 
firing after the termination of drug application. C and D show the effects of Ro 14-7437 (2.5 PM) on Purkinje neurons from rabbits with HE and 
controls. This concentration of antagonist had no significant effect on the spontaneous firing of the control rabbit Purkinje neuron (C), but markedly 
increased the firing rate of neurons from HE rabbits (142%). Lines in the lower half of A-D represent the mean firing rate of the neuron in dps, 
averaged over the period indicated by the length of the line. Calibration bar (A) applicable to all panels. 
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Figure 4. Concentration-response curves indicating the effects of ben- 
zodiazepine receptor antagonists on Purkinje neuron activity. Closed 
square, control + Ro 15-1788; closed triangle, control + Ro 14-7437; 
opensquare, HE + Ro 15-1788; open triangle, HE + Ro 14-7437. Each 
data point represents the mean + SEM of responses from 4-5 cells. As 
illustrated in Figure 3, Ro 15- 1788 slightly decreased control Purkinje 
neuron spontaneous activity (IC,, = 1.5 PM). However, in Purkinje 
neurons from rabbits with HE, Ro 15- 1788 slightly increased the firing 
rate (IC,, = 0.35 PM). Note that at the highest concentration of Ro 15- 
1788 tested (5 PM), the excitatory response of Purkinje neurons from 
rabbits with HE declines. In contrast, Ro 14-7437 has no effect on 
control rabbit Purkinje neuron activity (0.5-7.5 FM) but elicits a robust 
increase in the spontaneous activity of Purkinje neurons from rabbits 
with HE (IC,, = 1.43 PM). Concentration-response curves were fitted 
to data points using MLAB. 

FHF have demonstrated that alterations in the VER during the 
encephalopathy resemble those observed in normal animals ren- 
dered encephalopathic by the administration of supramolecular 
complex ligands (such as GABAmimetics, barbiturates, or BZ 
receptor agonists; Schafer et al., 1984; Bassett et al., 1987; Gam- 
ma1 et al., 1987; Jones et al., 1987). Since the VER represents 
the summated electrical activity of a relatively large population 
of neurons (Chiappa and Ropper, 1982) and may be subject to 
modification by systemic metabolic changes resulting from FHF 
(Conn and Liebethal, 1978; Sherlock, 1981; Hoyumpa and 
Schenker, 1982; Zieve, 1982), we have investigated the electro- 
physiological actions of BZ and GABA receptor ligands on single 
Purkinje neurons from rabbits with experimentally induced HE 
in an attempt to elucidate further the role of this supramolecular 
complex in this syndrome. The cerebellar slice maintained in 
vitro is well-suited for such studies, since the ataxia, nystagmus, 
and alterations in muscle tone that occur in the rabbit model 
studied (Blitzer et al., 1978; Schafer et al., 1984; Bassett et al., 
1987) strongly suggest the involvement of the cerebellum in this 
model of the syndrome. In addition, this slice preparation per- 
mits the monitoring of the responsiveness of single neurons to 
known concentrations of drugs in a controlled environment. 
Finally, the in vitro cerebellar slice technique minimizes the 
influence of ion and metabolite imbalances (Conn and Liebethal, 
1978; Sherlock, 198 1; Hoyumpa and Schenker, 1982; Zieve, 
1982) peripheral drug metabolites, and alterations in blood- 
brain barrier permeability (Horowitz et al., 1983; Goldstein, 
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Figure 5. Bar graph illustrating the specificity of the differential sen- 
sitivity of Purkinje neurons from controls and rabbits with HE to depres- 
sion by agents acting at the GABA-benzodiazepine receptor. Applica- 
tion of phenylephrine (50 PM) depressed the spontaneous activity of 
Purkinje neurons from controls and rabbits with HE to a similar extent. 
In addition, this bar graph illustrates the reversibility of the differential 
sensitivity of Purkinje neurons from controls and rabbits with HE in- 
hibition by muscimol, using Ro 14-7437. Purkinje neurons from rabbits 
with HE were significantly more sensitive to depression by muscimol 
(0.75 PM) alone than were control rabbit Purkinje neurons. However, 
pretreatment of Purkinje neurons from rabbits with HE, using a 
subthreshold concentration of Ro 14-7437 (0.5 PM), reduced the sub- 
sequent muscimol-induced depression to levels indistinguishable from 
those occurring in control rabbit neurons. *, Amplitude of depression 
of Purkinie neurons from rabbits with HE bv 0.75 UM muscimol is 
significanily greater than that observed in co&o1 + muscimol, HE + 
Ro 14-7437 + muscimol, and control + Ro 14-7437 + muscimol 
groups (2-way ANOVA: animal model versus drug application, F( 1,3) = 
26.753, p < 0.001; HE + muscimol versus all other groups, p < 0.05; 
Student-Newman-Keuls multiple range test). No significant difference 
in the amplitude of depression was observed between HE + Ro 14- 
7437 + muscimol, control + muscimol, and control + Ro 14-7437 + 
muscimol groups. 

1984; Schafer, 1984; Bassett et al., 1985) that would be en- 
countered when studying neurons in situ from animals with HE. 

In Purkinje neurons substantially isolated from local and ex- 
trinsic synaptic inputs (Basile et al., 1983; Basile and Dunwid- 
die, 1984), the GABAmimetic muscimol and the BZ receptor 
agonist flunitrazepam were significantly (3.44.2-fold) more po- 
tent in depressing the firing rates of Purkinje neurons from rab- 
bits with HE than from corresponding control animals. Fur- 
thermore, a qualitative difference was observed between the 
response of Purkinje neurons from control rabbits and those 
with HE to the BZ receptor antagonists Ro 1% 1788 and Ro 14- 
7437. These compounds increased cell firing in neurons from 
rabbits with HE and depressed, or had no effect on, the firing 
of neurons from control rabbits. Finally, the BZ receptor an- 
tagonist Ro 14-7437 did not alter the depressant action of mus- 
cimol on neurons from control animals, but reduced the inhib- 
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itory effect of muscimol on neurons from animals with HE to 
levels indistinguishable from controls. 

There are several possible explanations for the differential 
responsiveness of Purkinje neurons from rabbits with HE and 
control animals to BZ and GABA receptor ligands. An increased 
density of both GABA and BZ receptors has been reported in 
experimental models of HE (Baraldi and Zeneroli, 1982; Schafer 
et al., 1983; Baraldi et al., 1984a, b; Pappas, 1984; Pappas and 
Gordon, 1986). However, this increase is not universally ob- 
served, and may depend upon the method of tissue preparation 
(A. S. Basile and K. D. Mullen, unpublished observations). Fur- 
thermore, while such density increases (if present) could account 
for the increased potency of muscimol and flunitrazepam in 
depressing Purkinje neurons from rabbits with HE, they cannot 
explain the qualitative differences observed in response to BZ 
receptor antagonists. 

Altered Purkinje neuron permeability or hyperpolarization 
due to increased concentrations of ammonia, mercaptans, or 
other metabolites, or decreased K+ concentrations in the extra- 
cellular space as a result of liver failure, might also account for 
the observed electrophysiological differences (Conn and Lie- 
bethal, 1978; Sherlock, 1981; Zieve, 1981, 1982; Duffy and 
Plum, 1982; Hoyumpa and Schenker, 1982). It is possible that 
the continuous perfusion of cerebellar slices with a defined me- 
dium would partially, if not completely, correct abnormal con- 
centrations of these substances in the slice. Furthermore, if gen- 
eralized changes in neuronal polarization and permeability were 
present in Purkinje neurons from rabbits with HE, these cells 
would be more sensitive to depressants acting at loci other than 
the supramolecular complex. However, no differences in neu- 
ronal sensitivity to depression by the cu-adrenoceptor agonist 
phenylephrine were observed, suggesting an increased sensitiv- 
ity of these cells to a specific class of depressants. 

Several studies have reported that increased concentrations 
of gut-derived GABA occur in the CNS and plasma during HE 
(Ferenci et al., 1983; Bassett et al., 1985; Levy et al., 1987; van 
Berlo et al., 1987). While these findings are controversial, in- 
creased brain GABA concentrations might explain the increased 
potency of flunitrazepam and muscimol in depressing Purkinje 
neurons from HE rabbits, but could not account for the quali- 
tatively different responses of Purkinje neurons from controls 
and rabbits with HE to BZ receptor antagonists. This hypothesis 
is further supported by the inability of benzodiazepine receptor 
antagonists to affect the muscimol-induced depression of control 
rabbit Purkinje neurons. Finally, since stress can modulate the 
function of the supramolecular complex, the procedure used to 
induce HE may be sufficiently stressful to produce the differences 
observed in this study (Havoundjian et al., 1986; Schwartz et 
al., 1987; Trullas et al., 1987). While benzodiazepine receptor 
antagonists are effective in reversing the encephalopathy in some 
animal models of HE (the galactosamine-treated rabbit and 
thioacetamide-treated rat; Bassett et al., 1985; Gamma1 et al., 
1987) they are ineffective in other proposed models of HE, such 
as the portacaval-shunted rat (Rzepczynski et al., 1987). Since 
the procedure used to produce the latter model is probably no 
less stressful to the animal than that used in the galactosamine- 
treated rabbit, it appears that the observed changes in the func- 
tion of the supramolecular complex cannot be attributed to 
stress. 

Alternatively, long-term exposure to high levels of GABA 
might alter the characteristics of the supramolecular complex 
(Gallager et al., 1984; Little et al., 1987) such that BZ receptor 

antagonists with no intrinsic actions in control animals behave 
as inverse agonists in rabbits with HE. At present, there is no 
direct evidence to support this hypothesis. Further, it has been 
shown that chronic treatment with BZs or exposure to GABA 
or GABAmimetics produce compensatory changes in function 
(e.g., diazepam treatment lowers GABA sensitivity; Gallager et 
al., 1984). Thus, elevated GABA levels would be expected to 
decrease the sensitivity of neurons to benzodiazepines and GA- 
BAmimetics. However, these effects were not observed in the 
present study. 

The electrophysiological differences between cerebellar Pur- 
kinje neurons from control rabbits and rabbits with HE are most 
readily explained by the presence, increased production, or in- 
creased availability to neurons from HE rabbits of a substance 
that mimics the electrophysiological actions of flunitrazepam. 
The presence of such a compound would increase neuronal 
sensitivity to the depressant actions of both muscimol and flu- 
nitrazepam (Pole and Haefely, 1976; Gallager, 1978; Mac- 
Donald and Barker, 1978; Study and Barker, 198 1; Hamill et 
al., 1983). Furthermore, displacement of this substance by Ro 
15-1788 or Ro 14-7437 would disinhibit Purkinje neurons, pro- 
ducing excitations in these neurons and antagonizing their hy- 
persensitivity to muscimol (Wilson and Gallager, 1987). The 
observation that BZ receptor antagonists neither increased neu- 
ronal firing nor antagonized the effect of muscimol in control 
Purkinje neurons suggests that the mechanisms controlling the 
release, uptake, synthesis, or degradation of this substance in 
control animals are sufficient to attentuate its actions. Alter- 
natively, the production of this substance may be a direct con- 
sequence of liver failure. 

While BZ receptor antagonists, such as Ro 15-1788 and Ro 
14-7437, have no effect on normal animals in many biochem- 
ical, behavioral, and electrophysiological studies (Hunkeler et 
al., 1981; Mohlerand Richards, 1981; Carlenet al., 1983; Skerrit 
and MacDonald, 1983; King et al., 1984; Krespan et al., 1984; 
Vicini et al., 1986) several reports have demonstrated anxi- 
ogenic and excitatory effects of these compounds (File et al., 
1982; Carlen et al., 1983; Skerrit and MacDonald, 1983; King 
et al., 1984; Vicini et al., 1986). These effects may be attributable 
to the displacement of an endogenous substance with benzo- 
diazepine-like qualities. While the identity of such a compound 
is unknown, several candidates (inosine, n-butyl-P-carboline-3- 
carboxylate, and N-desmethyldiazepam) that could subserve this 
function have been identified in the mammalian CNS (Skolnick 
et al., 1978; Sangameswaran and DeBlas, 1985; Pena et al., 
1986). In addition, preliminary findings (Mullen et al., 1987; 
A. S. Basile, unpublished observations) indicate the presence of 
a substance in cerebrospinal fluid and brain extracts from rabbits 
with HE, but not controls, that inhibits radioligand binding to 
BZ receptors. Whether this substance is responsible for the elec- 
trophysiological effects on Purkinje neurons in rabbits with HE 
is currently under investigation. 

The results of this study demonstrate an increased sensitivity 
of Purkinje neurons from an experimental model of HE to GABA 
and BZ receptor ligands. These findings may be related to the 
neuropsychiatric manifestations of HE, and suggest that BZ re- 
ceptor antagonists may be of therapeutic value in ameliorating 
HE. Recent studies have demonstrated improvements in both 
gross behavioral and VER abnormalities in experimental models 
of HE following BZ receptor antagonist administration (Baraldi 
et al., 1984a; Bassett et al., 1987; Gamma1 et al., 1987). Fur- 
thermore, initial, uncontrolled observations in humans with HE 
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due to FHF or cirrhosis indicate that a clinical and electro- 
physiological remission of HE can be induced by Ro 15-1788 
(Bansky et al., 1985; Scollo-Lavizzari and Steinmann, 1985; 
Grimm et al., 1987). We infer that the findings presented here 
have direct relevance to the mediation and amelioration of the 
syndrome of HE. 
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