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ABSTRACT

ABBREVIATIONS: GEPR, genetically epilepsy-prone rat; NE, norepinephrine; GABA, -y-aminobutyric acid; C.l., confidence interval.
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Epilepsy is a state of neuronal hyperactivity which may be caused
by an altered relationship between inhibitory and excitatory
influences on neurons. We have conducted experiments using
microiontophoresis with in situ extracellular recording of anes-
thetized rat cerebellar Purkinje neuron activity to determine the
sensitivity of these neurons to neurotransmitters in a genetic
model of epilepsy. Quantitative evaluations of agonist-induced
changes in activity were carried out by using poststimulus time
histograms. Current-response curves were generated and linear
regression analysis was performed to evaluate changes in re-
sponsiveness and sensitivity between control and genetically
epilepsy-prone-9 rats. The current required to produce 50%

inhibition of activity by GABA was 2.6-fold higher in the geneti-
cally epilepsy-prone-9 rats compared to control. In contrast, the
amount of current required to produce 50% inhibition by norep-
inephrine was not significantly different between groups. There
also was no significant change in cerebellar neuron sensitivity to
the excitatory transmitter, glutamate. The lack of an afteration in
sensitivity and responsiveness to norepinephrine or glutamate
suggests that the hyperexcitability of neurons may be associated
with a specific subsensitivity of the GABAergic system. Such a
specific subsensitivity to ‘y-aminobutyric acid would, therefore,
yield a more excitable state of the neuron and may contribute to
the development of the hyperactivity observed in epilepsy.

The epilepsies are characterized by neuronal hyperactivity

which may be created by an altered responsiveness to a variety

of different unknown stimuli. Hyperexcitabiiity of neurons may

be due to: 1) an enhanced sensitivity to excitatory neurotrans-

mitters; 2) a reduced sensitivity to inhibitory neurotransmitt-

ters; 3) an alteration in transmitter metabolism; or 4) a com-

bination of any of the above.

In these studies, a genetic model of epilepsy was utilized, the

GEPR. A maximally seizure prone rat (GEPR-9) exhibits full
tonic-clonic seizures to audiogenic stimuli whereas its genetic

control exhibits no seizure activity to audiogenic stimuli (Jobe
et al., 1973). We have investigated the sensitivity of cerebellar

Purkinje neurons in control rats and GEPR-9s to various

chemical stimuli.
There are several reasons for studying the cerebellum: 1)

changes in its involvement in motor activity have been observed

during seizures (Dam, 1982); 2) the biochemical differences in

neurotransmitter levels in the GEPRS have been well charac-

terized in the cerebellum (Laird et al., 1984; Dailey et a!., 1991);

and 3) the anatomical and physiological pathways in this brain
area have been well defined.

The biochemical differences observed in neurotransmitter

levels in the cerebellum of the GEPR (Dailey et at., 1989, 1991)
have focused our investigation of differences in sensitivity of
Purkinje neurons to the endogenous neurotransmitters. The
cerebellum contains terminals of the noradrenergic pathway
which originate from cell bodies located in the locus ceruleus.
The terminals impinge upon the Purkinje cells directly and

release NE (Ottoson, 1983), which decreases spontaneous Pur-
kinje cell firing (Moises et al., 1980). GABA is the major
inhibitory neurotransmitter present in the cerebellum. This
transmitter is released from terminals of basket cells in the
cerebellum which act directly upon the Purkinje cells to de-
crease spontaneous activity (Ottoson, 1983). Granule cells, also
located in the cerebellum, release the major excitatory neuro-
transmitter, glutamic acid. Glutamic acid increases Purkinje
cell firing (Ottoson, 1983).

A fine balance between excitatory and inhibitory influences
exists throughout the central nervous system. Any alteration
in this delicate balance could lead to the neuronal hyperexcit-
ability which is characteristic of the seizure-prone state. The
purpose of this study was to examine if alterations in neuronal
sensitivity to these identified neurotransmitters exist in sei-
mire-prone GEPR-9s compared to their genetic controls which
exhibit no seizure activity to audiogenic stimuli (Jobe et a!.,
1973).

Methods
Received for publication March 12, 1991.
1 Supported by Grants GM 29840 and T32 GM 07039 from the National

Institutes of Health.

The animals were obtained from Dr. Philip C. Jobe (University of
Illinois at Peoria, Peoria, IL) who performed the initial task of deter-
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mining their seizure susceptibility. GEPR-9s and their genetic controls of the lines were calculated and compared for parallelism to evaluate

were utilized in these experiments. All animals weighed between 250 significant differences. If linear regression analysis suggested that a

and 400 g. The animals were anesthetized with 1.25 gfkg of urethane difference in the current-response relationship might exist, the geo-
i.p., intubated and allowed to breath spontaneously. Body temperature metric mean IC�o values (Fleming et al., 1972) were compared between

was monitored constantly by rectal probe and maintained at 37’C by GEPR-9s and controls using Student’s t test. The mean for the mdi-
heating pad. vidual slopes of the current-response curves for the GEPR-9s and

Electrophysiological recording. The activity of cerebellar Pur- controls was also compared using Student’s t test.

kinje neurons was recorded as described by Taylor et al. (1978). Briefly, Comparisons between groups were made at the level of the geometric

the cisterna magnum was opened and allowed to drain. The skull mean effective current needed to produce 50% inhibition of activity
covering the cerebellar vermis and the dura mater was removed. The (IC�o) for GABA and NE. Because the current-response relationship is
exposed cerebellum was covered by 3% agar in distilled water to prevent similar to that of dose- or concentration-response relationships, analy-
drying of the brain surface. Purkinje neurons were identified by their sis should account for the log-normal distribution of mean equieffective

characteristic climbing fiber and simple spike discharge rates (Murphy concentrations (Fleming et at., 1972). Calculations and comparisons of

and Sabah, 1970). Cells with regular discharge rates between 20 and 50 these values between GEPR-9 and controls permitted a determination

Hz were used for study. ofthe level ofchange in sensitivity of Purkinje neurons to a given drug.
Extracellular electrophysiological recordings from cerebellar Pur- The 95% C.!. for each IC�,o is also included. Mean IC� values were

kinje neurons were conducted through one barrel of a 5-barrel multi- considered to be significantly different when P � .05.

barrel pipette. Multibarreled micropipettes were pulled to a fine tip
using a vertical micropipette puller (Narshige USA, Inc., Greenvale,

NY). One barrel, used for recording, was filled with 5 M NaCI and
Results

generally had resistances between 1.5 to 4 megohms. Three of the four

remaining barrels were filled with drugs, and the fourth was used as

the balance barrel. The balance barrel, containing 3 M NaCl, neutral-
izes any excess current at the tip of the micropipette (Curtis, 1964,

1972). Drug solutions were: (-)-NE (0.5 M, pH 5.0), GABA (1.0 M, pH

4.0) and glutamic acid (0.5 M, pH 7.5) (Sigma Chemical Co., St. Louis,

Shown in figure 1 are the current-response curves to ionto-

phoretically applied GABA obtained from four different cere-
bellar Purkinje neurons in one control animal. These curves

are typical of those observed from other control animals. There

appears to be little variation among responses to GABA by

MO). each neuron to similar currents.

The electrophysiological signals were amplified using a high imped- The current-response curve for one of the above neurons was
ance amplifier and filtered (-3 db at 300 and 5000-6000 Hz). The generated from the sequential histogram series shown in figure
signal was monitored on an oscilloscope and action potentials of a
single neuron separated from background noise by a window discrimi-
nator (Medical Systems, Inc., Great Neck, NY) which converted each
discriminated action potential to a constant voltage pulse. The constant

voltage pulses were led to a ratemeter which integrated the activity
over time, usually at one second epochs, and displayed the integrated
activity on a stripchart recorder.

Commuter analysis of neuronal responses. The computer analy-

sis of neuronal activity utilizing poststimulus time histograms was

2A. Although the histograms are presented sequentially by
current intensity, they were generated in random order during

the recording session. This was performed to reduce the impact
of sensitization or desensitization on the response of the neuron

to dnig application. The bar above each response (inhibition)

denotes the time over which that current of GABA was ejected.

The percentage of inhibition, calculated as described under
“Methods,” is indicated in the middle of the response in each

performed according to Freedman et a!. (1975). Briefly, each poststim- histogram. As predicted, increasing current intensity leads to
ulus time histogram is a collection and summation of constant voltage greater inhibition.
pulses over a defined time period after a synchronization pulse (“start”

pulse). Drug ejection was accurately timed to be delivered after the

synchronization pulse using a crystal clock. Activity was then summed

over several consecutive sweeps to decrease the variability among trials

and improve quantification of responses. Increases and decreases in

neuronal activity for each cell at different ejection currents were
analyzed with the aid of a computer. Each histogram consisted of three
consecutive sweeps with each sweep lasting 32.768 sec. A number of

The histograms illustrated in figure 2B were constructed
similarly in a GEPR-9. Comparing the percentage of response

with the current applied between the histograms in control (fig.
2A) with those of the GEPR-9 (fig. 2B), one observes an

apparent subsensitivity of the cerebeilar Purkinje neurons in

the GEPR-9 to GABA. This is better illustrated by the mean
regression lines constructed from all the individual current-

histograms were constructed on the same cell using varying ejection
currents of the same drug. Computer analysis was utilized to determine

the extent of excitation or inhibition produced by the compound for
each ejection current in the series of histograms on a single neuron.

The principle underlying the analysis program is the comparison of
the average counts per bin in a user defined control period with the
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The current-response curves generated from the histograms were

used to calculate the current required to produce 50% of the maximal

inhibition for GABA and NE. Such a value has been used previously
to quantify neuronal sensitivity to iontophoretically applied drug (Sim-

monds, 1974). Responses to glutamate were expressed as percentage of
increase in basal firing rate.

Statistical analysis. Utilizing values from the individual current-
response curves lying between 20 and 80% of maximum, mean linear
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Fig. 1. Current-response curves of cerebellar Purkinje neurons from a
control rat to iontophoretically applied GABA. Each curve represents the
current-response relationship for a single neuron from the same animal.
Histograms illustrated in figure 2A were derived from neuron #3. Note
the remarkable consistency of responses obtained to the same agonist

regression lines and their 95% C.I.s were calculated and drawn. Slopes on different cells.
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Fig. 2. Sequential poststimulus time histograms representing the re-
sponses of a single cerebellar Purkinje neuron to microiontophoretically
applied GABA. A. control rat. B. GEPR-9. The current (nanoamperes)
applied is indicated above each histogram, and the time of application
represented by the bar. Numbers within the response period represent
the calculated percentage of inhibition induced by this iontophoretic
current of GABA. For comparative purposes, the calculated response
period was identical among the different histograms for a given neuron.
Note: The response period outlasts the duration of drug application and
is directly related to the magnitude of the current applied.
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Fig. 3. Mean regression lines of responses from cerebellar Purkinje
neurons in controls (A) and GEPR-9s (B) to iontophoretically applied
GABA. The n value for controls equals 33 cells from 9 animals and for
the GEPR-9s equals 32 cells from 16 animals. Statistical comparisons of
the geometric mean log lCsc values and slopes are presented in table 1.
Also indicated are the 95% C.l.s for each regression line with short
dashed lines corresponding to line A and long dashed lines corresponding
to line B.

response curves obtained in a number of experiments (fig. 3)

between control animals and GEPR-9s. The relationship dem-
onstrates a rightward shift of the mean regression line for

GEPR-9s compared to controls. The slopes were not signifi-

cantly different from each other suggesting that the shift was
a parallel rightward shift of the current-response relationship.

The calculated mean log ICro (inhibitory current [nanoam-

peres] producing 50% inhibition) for the controls is 1.40 ± 0.07
and for the GEPR-9s is 1.82 ± 0.08 (table 1). The antilog of
the mean log current translates to a current producing 50%

inhibition equal to 25.19 nA (95% C.I., 18.6-34.1) for controls
and 65.79 nA (95% C.I., 46.6-92.8) for GEPR-9s. The difference

in the mean log ICro was statistically significant (P < .05). The
2.6-fold rightward shift was calculated as the ratio of the mean

ICro value for the GEPR-9s to the mean ICso value for the
controls. This rightward shift demonstrates a nearly 3-fold

reduction in sensitivity of cerebellar Purkinje neurons to GABA
in the GEPR-9 as compared to control.

No significant difference in sensitivity to NE was observed

between GEPR-9s and controls. Figure 4 illustrates the mean
regression lines for NE applied to cerebellar Purkinje neurons

in the two animal strains. The slopes were not significantly

different. The mean log ICro for NE in the GEPR-9 was 2.00 ±

0.13 which translates to a current of 100.03 nA (95% C.I., 53.4-

187.3) whereas, in controls, the mean log ICro was 1.99 ± 0.05

which equals 96.72 nA (95% C.I., 74.4-125.8) (table 1). The
mean log ICro values were not significantly different.

Mean regression lines and their 95% C.I.s for glutamate are

illustrated in figure 5. There was no significant difference

between the control and GEPR-9 current-response relation-

ships for glutamate, and the slopes were not significantly dif-
ferent (fig. 5). Geometric mean equieffective currents for glu-

tamate-induced excitation were determined. An increase in

TABLE 1
Sensitivfty of Purkinje neurons to iontophoretically a
and norepinephrine In control and GEPR-9 rats.

pplied GABA

Mean IC Geometric Mean R #{149}
Group (±SEM.) (95�/��C].) Exp/Ctr

(k’EP1�.)

GABA Control 1 .40 ± .07 25.19
(33, 9)#{176} (18.6-34.1) 2.61
GEPR-9 1 .82 ± .08** 65.79
(32, 16)” (46.6-92.8)

NE Control 1 .99 ± .05 96.72
(20,10)” (74.4-125.8) 1.03
GEPR-9 2.00 ± .13 100.03
(19, 9)” (53.4-1 87.3)

96.4 ± 7.9

120.3 ± 12.5

1 68.2 ± 17.5

124.3 ± 14.9

Fig. 4. Mean regression lines of cerebellar Purkinje neuron responses to
iontophoretically applied NE in controls (A) and GEPR-9s (B). The n value
was equal to 20 cells from 10 animals in controls and 19 cells from 9
animals in GEPR-9s. Statistical comparisons of the mean log lC� values
and slopes are presented in table 1 . Also indicated are the 95% C.I.s for
each regression line with short dashed lines corresponding to line A and
long dashed lines corresponding to line B.
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Fig. 5. Mean regression lines of the relationship between current and
responses of cerebellar Purkinje neurons in controls (A) and GEPR-9s
(B) to iontophoretically applied glutamate. The n value is equal to 17
cells from 9 animals in controls and I 7 cells from 7 animals in GEPR-9s.
Also indicated are the 95% C.l.s for each regression line with short
dashed lines corresponding to line A and long dashed lines corresponding
to line B.

firing rate of 150% above basal activity was chosen as the level
for comparison. The calculated values (EC1ro) were selected

because they represent a level of excitation for an individual
neuron which is greater than a doubling of the rate. Variations
in maximum excitatory capability between neurons precluded
use of values based on percentage of maximum. The mean log
EC1ro for glutamate in GEPR-9s was 2.09 ± 0.06 which trans-
lates to a geometric mean EC1ro of 123.7 nA (95% C.I., 89.9-

170.1). Similarly calculated values for controls were 2.03 ± 0.08

for the mean log ECiro which represents a geometric mean
ECiro of 108.1 nA (95% C.I., 72.1-161.9).

Mean basal firing rate was calculated for the population of
neurons studied. There was no significant difference in the
mean basal firing frequency of firing for Purkinje neurons
between control (mean frequency = 23 ± 2 Hz [n = 43]) and
GEPR-9 (mean frequency = 26 ± 3 Hz [n = 54]).

Discussion

The alteration in sensitivity to GABA but not to NE and
glutamate represents a very specific change in Purkinje neuron
sensitivity of the GEPR. The difference in sensitivity (table 1)
cannot result from a change in basal activity because no differ-
ence in mean basal rate of Purkinje cells was observed in this
study. The reported mean basal frequencies of 25 and 23 Hz

for control and GEPR-9, respectively, are consistent with mean
basal activity reported for Purkinje cells in other studies (Mur-
phy and Sabah, 1970). A similar reduction in sensitivity to

GABA has been observed in the inferior colliculus (Faingold et
a!., 1986a,b). These authors also observed a quantitatively
similar reduction in sensitivity to flurazepam. However, the
action of benzodiazepines requires endogenous GABA (De-

Feudis, 1990) so that the investigations by Faingold et al.

(1986a,b) did not address the specificity of the change in

sensitivity as was evaluated in the present study (table 1; figs.
3, 4 and 5).

The degree of specificity of this sensitivity change permits

elimination of certain mechanisms which have been shown to
be responsible for the development of adaptive sensitivity
changes in other excitable tissues (Fleming and Westfall, 1988).

These identified alterations include: 1) changes in electrical
properties of target cells; 2) alterations in second messenger

systems common to several receptors; and/or 3) an alteration
in receptors for a single agonist/neurotransmitter.

The highly specific change in sensitivity to GABA argues

against the possibility that a change in membrane potential

underlies the change in sensitivity. If such a change was pres-

ent, then sensitivity should be altered to any agonist whose

mechanism of action requires alterations in membrane electri-

cal properties (cf. Fleming and Westfall, 1988; Johnson and
Fleming, 1989). The action of both glutamate (Cotman and

Monaghan, 1987) and GABA (Bormann, 1988) involve mech-
anisms which are either voltage-dependent or lead to changes

in resting membrane potential. A change in resting potential
of the cell membrane would be expected to evoke opposing

alterations in sensitivity to excitatory and inhibitory agonists

as has been observed in the myenteric plexus/longitudinal

smooth muscle from guinea pigs made tolerant to morphine

(Johnson and Fleming, 1989; Johnson et a!., 1978; Taylor et a!.,
1988). The reduction in sensitivity to GABA, therefore, would
be accompanied by an increase in sensitivity to glutamate if
the mechanism underlying the alteration in sensitivity was a

change in membrane electrical properties.

An equally unlikely mechanism for the observed reduction

in sensitivity to GABA is a change in second messengers which

function as convergent intracellular mediators of multiple drug

and transmitter action. The drugs and transmitters utilized in
this study possess actions mediated by separate receptors which

are coupled to different transduction systems. For example,

Siggins et al. (1971) have demonstrated that NE responses in
the cerebellum are mediated vw an increase in cyclic AMP.
Thus, the beta adrenoceptor which is activated by NE is coupled
to adenylyl cyclase. In contrast, the actions of GABA are

mediated primarily by activation of GABAA receptors coupled
to chloride channels (Harris and Allan, 1985; Schwartz, 1989;
Bormann, 1988) or GABAB receptors coupled to cyclic GMP

(cf. Wood, 1991). Similarly, the glutamate responses are me-
diated by one of at least three different types of receptors, all
of which are coupled to ion channels (Cotman and Monaghan,

1987). The fact that each agonist used utilizes a different second

messenger clearly suggests that the specific reduction in re-

sponsiveness to GABA must occur as a result of an alteration

in the activation/transduction system for that transmitter sub-

stance.
The most likely site of change which could be responsible for

the observed subsensitivity to GABA resides at the level of the
GABA receptor or its transduction mechanisms. In the rat

cerebellum, the action of GABA on Purkinje neurons is me-

diated by GABAA receptors (Kaneda et a!., 1989; Parfit et a!.,

1990). Because GABAA receptors are an integral part of the

chloride channel (Schwartz, 1989; Bormann, 1988), the possi-

bility exists that reduced responsiveness to GABA could be due
to either a decrease in the number of GABAA receptors or a

reduced activation of the chloride channel by GABA. Support
for this idea is found in the reduction in chloride ion conduct-

ance which has been observed in cerebral cortex (J. W. Dailey,
personal communication). In addition, Faingold et aL (1986a,b)

have reported reduced sensitivity of inferior collicullar neurons
to both GABA and flurazepam. These two compounds rely on

similar changes in chloride ion conductance for their action.

These data and those of the present study suggest that an

alteration in the number of GABAA receptors or the GABA-

mediated increase in chloride conductance may exist at all

levels of the neuraxis in the GEPR-9. Interestingly, Booker et
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aL (1986) reported a 1.7-fold increase in the number of GABAA

receptors (determined by using [3H]muscimol binding) in the
GEPR-9. These authors also found no alteration in affinity of
the GABA receptor (i.e., no change in Kd) and concluded that
the increase in receptor number may represent an adaptive
response to reduced turnover. Such a compensatory increase in
receptor number would normally lead to greater responses of
target cells to exogenously applied compounds rather than the
reduction in responsiveness observed in this study.

A final possibility to be considered is an alteration in the
disposition of the neurotransmitter. An increased ability of

neurons and/or glia to remove the transmitter from the bio-
phase could lead to a reduced sensitivity which would be specific

for GABA. Because alterations in uptake of GABA might also

be expected to reciprocally affect glutamate levels, one might
expect opposing changes in neuronal sensitivity to glutamate

concomitant with alterations in sensitivity to GABA. The

reduced sensitivity observed in this study was specific for
GABA. Whereas the present data do not distinguish between
an alteration in receptor and/or transduction mechanism and

an alteration in disposition, the latter type of mechanism is not
a common form of cellular response to changes in the environ-

ment. Additional studies are required to differentiate between
these possibilities.

The data provided from this study demonstrate that cerebel-

lar Purkinje neurons in GEPR-9 animals are subsensitive to

GABA with no change in responsiveness to either NE or
glutamate. Such a selective reduction in sensitivity to the

inhibitory neurotransmitter, GABA, may alter the fine balance
which normally exists between excitatory and inhibitory influ-
ences in favor of greater excitability. The most likely possibil-
ities to account for this change in sensitivity include either a
change in receptor number, receptor coupling, disposition of

the normal transmitter or a combination of these changes.
Among the potential mechanisms, the most probable mecha-
nisms accounting for these observations relate to either the

GABAA receptor or the coupling of this receptor to the chloride
channel.

References

BOOKER, J. G., DAILEY, J. W., JOBE, P. C. AND LANE, J. D.: V. Cerebral cortical
GABA and benzodiazepine binding sites in genetically seizure prone rats. Life
Sci. 39: 799-806, 1986.

BORMANN, J.: Electrophysiology of GABAA and GABAB receptor subtypes.
Trends Pharmacol. Sci. 1 1: 112-116, 1988.

COTMAN, C. W. AND MONAGHAN, D. T.: Psychopharmacology: The 3rd Gener-
ation of Progress, ed. by H. Y. Meltzer, pp. 197-210, Raven Press, New York,
1987.

CURTIS, D. R.: Microelectrophoresis. In Physical Techniques in Biological Re-
search, Vol. V, Electrophysiological Methods, Part A, ed. by W. L. Nastak, pp.
144-190, Academic Press, New York, 1964.

CuR’ris, D. R.: Microelectrophoretic studies of single neurons. In Experimental
Models ofEpilepsy-A Manual for the Laboratory Worker, ed. by D. P. Purpura,

J. K. Penry, D. B. Tower, D. M. Woodbury and R. D. Walter, pp. 249-268,
Raven Press, New York, 1972.

DAILEY, J. W., MIsHita, P. K., Ko, K. H., PENNY, J. E. AND JOBE, P. C.:
Noradrenergic abnormalities in the central nervous system of seizure-naive

genetically epilepsy-prone rats. Epilepsia 32: 168-173, 1991.

DAILEY, J. W., REIGEL, C. E., MI5HitA, P. K. AND JOBE, P. C.: Neurobiology of
seizure predisposition in the genetically epilepsy-prone rat. Epilepsy Bee. 3: 3-
17, 1989.

DAM, A. M.: Hippocampal neuron loss in epilepsy and after experimental seizures.
Acta Neurol. Scand. 66: 601-642, 1982.

DEPEUDI5, F. V.: Overview-GABAA receptors. Ann. N.Y. Acad. Sri. 585: 231-
240, 1990.

FAINGOLD, C. L., GEHLBACH, G. AND CASPARY, D. M.: Decreased effectiveness
of GABA-mediated inhibition in the inferior colliculus of the genetically
epilepsy-prone rat. Exp. Neurol. 93: 145-159, 1986a.

FAINGOLD, C. L., GEHLBACH, G., TRAvIs, M. A. AND CASPARY, D. M.: Vifi.
Inferior colliculus neuronal response abnormalities in genetically epilepsy-
prone rats: Evidence for a deficit of inhibition. Life Sci. 39: 869-878, 1986b.

FLEMING, W. W. AND WESTFALL, D. P.: Adaptive supersensitivity. Catechol-
amines, Handbook of Experimental Pharmacology, Vol. 90, ed. by U. Trends-
lenburg and N. Werner, pp. 509-559, Springer Verlag, Heidelberg, 1988.

FLEMING, W. W., WE5TFALL, D. P., DE LA LANDE, I. S. AND JELLET, L. B.: Log-
normal distribution of equieffective doses of norepinephrine and acetylcholine
on several tissues. J. Pharmacol. Exp. Ther. 181: 339-345, 1972.

FREEDMAN, R., HOFFER, B. J. AND WOODwARD, D. J.: A quantitative microion-
tophoretic analysis of the responses of central neurones to noradrenaline:
InteraCtiOn8 with cobalt, manganese, verapamil and dichioroisoprenaline. Br.
J. Pharmacol. 54: 529-539, 1975.

HARRIs, R. A. AND ALLAN, A. M.: Functional coupling of GABA receptors to
chloride channels in brain membranes. Science (Wash. DC) 228: 1108-1110,
1985.

JOBE, P. C., PIccHI0NI, A. L. AND CHIN, L.: Role of brain norepmephrine in
audiogenic seizure in the rat. J. Pharmacol. Exp. Ther. 184: 1-10, 1973.

JOHNSON, S. M. AND FLEMING, W. W.: Mechanisms of cellular adaptive semi-
tivity changes: Applications to opioid tolerance and dependence. Pharmacol.
Rev. 41: 435-488, 1989.

JOHNSON, S. M., WESTFALL, D. P., HOWARD, S. A. AND FLEMING, W. W.:
Sensitivities of the isolated ileal longitudinal smooth muscle-myenteric plexus
and hypogastric nerve-vas deferens of the guinea pig after chronic morphine
pellet implantation. J. PharmacoL Exp. Ther. 204: 54-66, 1978.

HANEDA, M., WAEAMORI, M. AND AFAIKE, N.: GABA-induced chloride currents
in rat isolated Purkinje cells. Am. J. Physiol. 256: C1153-C1159, 1989.

LAIRD, H. E., DAILEY, J. W. AND JOBE, P. C.: Neurotransmitter abnormalities
in genetically epileptic rodents. Fed. Proc. 43: 2505-2509, 1984.

MoIsEs, H. C., HOFFER, B. J. AND WOODWARD, D. J.: GABA facilitation by
noradrenaline shows supersensitivity in cerebellum after 6-hydroxydopamine.
Naunyn-Schmiedeberg’s Arch. Pharniacol. 315: 37-46, 1980.

MURPHY, J. T. AND SABAH, N. H.: Responses of cerebellar purkinje cells to
mossy fiber activation. Brain Res. 21: 292-296, 1970.

OTFOSON, D.: The Cerebellum. In Physiology of the Nervous System, pp. 267-
278, Oxford University Press, New York, 1983.

PA.Rrrrr, K. D., HOFFER, B. J. AND BIcKF0RD-WIMER, P. C.: Potentiation of
gamma-aminobutyric acid-mediated inhibition by isoproterenol in the cerebel-
lar cortex: Receptor specificity. Neuropharmacology 29: 909-916, 1990.

SCHwARTZ, R. D.: The GABA receptor-gated ion channel: Biochemical and
pharmacological studes of structure and function. Biochem. PharmacoL 37:
3369-3375, 1988.

SIGGINS, G. R., HOFFER, B. J. AND BLOOM, F. E.: Studies on norepinephrine-
containing afferents to Purkinje cells of rat cerebellum. III. Evidence for
mediation of norepinephrine effects by 3’,5’-adenosine monophosphate. Brain
Res. 25: 535-553, 1971.

SIMMONDS, M. A.: Quantitative evaluation ofresponses to microiontophoretically
applied drugs. Neuropharmacology 13: 401-406, 1974.

TAYLOR, D. A., LEEDHAM, J. A., D0AK, N. AND FLEMING, W. W.: Morphine-
tolerance and nonspecific subsensitivity of the longitudinal muscle-myenteric
plexus preparation of the guinea-pig to inhibitory agonista. Naunyn-Schmie-
deberg’s Arch. Pharmacol. 338: 553-559, 1988.

TAYLOR, D. A., NATHANSON, J., HOFFER, B. J., OLSON, L. AND SEIGER, A.: Lead
blockade of norepinephrine-induced inhibition of cerebellar purkinje neurons.
J. PharmacoL Exp. Ther. 206: 371-381, 1978.

WooD, P. L.: Pharmacology of the second messenger, cGMP, in the cerebellum.
Pharmacol. Rev. 43: 1-25, 1991.

Send reprint requests to: David A. Taylor, Ph.D., Department of Pharmacol-
ogy and Toxicology, West Virginia University, Health Sciences Center, Morgan-
town, WV 26506.




