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EFFECTS OF DESIPRAMINE ON

NEURONAL RESPONSES TO DOPAMINE,
NORADRENALINE, 5-HYDROXYTRYPTAMINE AND
ACETYLCHOLINE IN THE CAUDATE NUCLEUS OF THE RAT

P. BEVAN, C.M. BRADSHAW & E. SZABADI
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1 The sensitivity of single neurones

to microelectrophoretically applied dopamine,

noradrenaline (NA), 5-hydroxytryptamine (5-HT) and acetylcholine (ACh) was investigated in
the caudate nucleus of the rat, anaesthetized with halothane. Both excitatory and depressant
responses could be observed to each of the agonists. There was a high correlation between the
direction of responses to dopamine and noradrenaline, whereas there was no significant
correlation between the direction of responses to dopamine and ACh.

2 The effect of desipramine was studied on both excitatory and depressant responses to
dopamine, NA and S5-HT, and on excitatory responses to ACh. Both potentiation and
antagonism of neuronal responses to monoamines and ACh could be observed after a brief

application of desipramine.

3 Excitatory responses to glutamate were not affected by desipramine.

4 The observation that responses to dopamine and NA can be potentiated by desipramine in
the caudate nucleus suggests that uptake blockade is not a prerequisite for potentiation.

5 It is suggested that the potentiation of neuronal responses to dopamine by desipramine may
be responsible for the therapeutic efficacy of desipramine in Parkinson’s disease.

Introduction

It is generally believed that the symptomatology
of Parkinson's disease is caused by the selective
degeneration of the dopamine-containing nigro-
striatal pathway, which leads to an impaired
balance between dopaminergic and cholinergic
inputs in the striate nucleus (Barbeau, 1962;
Klawans, 1968). Drugs effective in the treatment
of Parkinson’s disease are thought to act either by
inhibiting the effects of acetylcholine (e.g.
atropine), or by enhancing the effects of dopamine
(e.g. L-DOPA) (Klawans, 1968 Yahr & Duvoisin,
1972).

It has been reported that desipramine, a
tricyclic antidepressant drug, is effective in the
treatment of Parkinsonism (Laitenen, 1969). The
basis for the anti-Parkinsonian efficacy of
desipramine, however, is not known. Although
the cholinolytic effects of desipramine are well
documented (Atkinson & Ladinsky, 1972), it is
not likely that this is the sole explanation for the
anti-Parkinsonian efficacy of the drug, since the
therapeutic effectiveness of desipramine is greatly
enhanced by the concurrent administration of
another cholinolytic drug (Yahr & Duvoisin,

1972). Another possibility could be that desi-
pramine potentiates the effects of dopamine in the
caudate nucleus. Such an effect, however, could
not be predicted on the basis of the well known
‘uptake blockade hypothesis of potentiation’
(Iversen, 1974), since desipramine is almost
completely ineffective in blocking the uptake of
dopamine in the caudate nucleus (Ross & Renyi,
1967; Horn, Coyle & Snyder, 1971).

We have reported earlier that desipramine has a
dual effect on neuronal responses to noradrenaline
(NA), 5-hydroxytryptamine (5-HT), and acetyl-
choline (ACh) in the cerebral cortex: both
antagonism and potentiation of the responses can
be observed (Bradshaw, Roberts & Szabadi, 1974,
Bevan, Bradshaw & Szabadi, 1975a). In the
experiments described here we used the technique
of microelectrophoresis in order to examine how
neuronal responses to dopamine, NA, 5-HT and
ACh can be affected by desipramine in the caudate
nucleus of the rat. '

Some of the results presented here have been
communicated to the British Pharmacological
Society (Bevan, Bradshaw & Szabadi, 1975b).
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Methods

Male albino Wistar rats, weighing between 250 and
300 g were used. Anaesthesia was induced with
halothane (3.0%), and maintained with halothane
(0.5-1.0%) delivered from a temperature and
flow-rate compensated vapouriser (Fluotec Mk 3,
Cyprane Ltd). All animals respired spontaneously
via a tracheal cannula. ECG and EEG were
monitored continuously throughout the experi-
ment. Rectal temperature was maintained between
37°C and 38°C with a heating pad controlled by a
thermosensitive rectal probe.

The head of the animal was held rigidly in a
stereotaxic frame. A small hole was prepared in
the skull (coordinates: A: 8 mm; L: 2.4 mm;
Konig & Klippel, 1963), and a small area of the
cortex exposed according to the method of
Bradshaw & Szabadi (1972). A six-barrelled
micropipette was then introduced into the brain,
under microscopic control, and slowly lowered
through the cortex into the caudate nucleus.

Six-barrelled glass micropipettes were con-
structed and filled as described by Bradshaw,
Roberts & Szabadi (1973). Two barrels of each
micropipette contained 4 M NaCl, one barrel for
recording action potentials, the other for use in
current balancing. The remaining barrels contained
drug solutions. The following drug solutions were

used: dopamine hydrochloride (0.2 M,
pH 4.0-4.5), noradrenaline bitartrate (0.2 M,
pH 3.0-3.5), S-hydroxytryptamine  bimaleate

(0.2 M, pH 3.5), acetylcholine chloride (0.2 M,
pH 3.6), sodium glutamate (0.05 M, pH adjusted
to 8.5 by the addition of 0.1 M NaOH), and
desmethylimipramine  hydrochloride (0.15 M,
pH 7.5).

The techniques for recording action potentials,
and for the electrophoretic application of drugs,
were as described by Roberts & Straughan (1967).
A cumulative record of the total number of action
potentials was obtained via a Grass Ul-1 unit
integrator.

All the neurones studied were spontaneously
active. All the drugs were applied by microelectro-
phoresis. Repeated responses to an agonist were
compared before and after a brief application of
desipramine. In order to ensure that standard
ejecting current pulses gave rise to standard pulses
of drug ejection (Bradshaw, Szabadi & Roberts,
1973), the intervals between drug applications
were kept constant by means of a sequential
timing device (Bevan & Bradshaw, 1973). Cells
were excluded from drug interaction studies if the
variation in the size of the control responses to an

-agonist exceeded * 10% (see Bradshaw et al.,
1974).
The magnitude of a response was measured by

calculating the difference between the number of
spikes generated during the response and the
number of spikes generated during an equivalent
period when no drug was applied (‘total spike
number’, see Bradshaw et al., 1974).

Results

Responses to monoamines and acetylcholine

The effects of dopamine, NA, 5-HT and ACh were
studied on 208 spontaneously active neurones in
the caudate nucleus. Three types of responses
could be observed: (1) excitation; (2) depression;
(3) biphasic responses, consisting of an initial
depressant phase followed by an excitatory phase.
Table 1 shows the frequency of occurrence of
these effects in our material. In eight cells a
‘spontaneous reversal’ of the response to the
monoamine was observed: the cell first responsed
with either a clear excitation or a depression to the
monoamine; later, however, the same monoamine
evoked an opposite response (four cells with
dopamine, two cells with NA, two cells with

5-HT). Cells showing ‘spontaneous response
reversal’ were not used for drug interaction
studies.

In 48 cells responses to dopamine and to
another agonist (NA, 5-HT, ACh) were compared.
(In a number of cells responses to dopamine and
to two other agonists were tested.) Table 2 shows
the correlation between the direction of the
response (excitation or depression) to dopamine
and the direction of the response to the other
agonist. It is apparent that there was a highly
significant correlation between the effects of
dopamine and NA, whereas there was no
significant correlation between the effects of
dopamine and 5-HT. Furthermore, there was no
significant correlation between responses to
dopamine and ACh.

Effect of desipramine on neuronal firing

The direct effect of desipramine on the firing rate
was studied on 65 cells. The dose of antidepressant
applied was 30-100 nA passed for 30-80 seconds.
In six cells (9%) the firing rate was increased
during the application of desipramine, whereas in
19 cells (29%) the firing rate was decreased. There
was no significant correlation between the dose of
desipramine applied and the effect on neuronal
firing. The response was always of a temporary
nature, and the original base line firing rate
recovered within a minute after the application of
desipramine had been terminated.
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Effect of desipramine on responses to dopamine

Excitatory responses Both potentiation and
antagonism of excitatory responses to dopamine
could be observed after a brief application
(30-100 nA for 30-80 s) of desipramine.
Potentiation of the response was seen in five
cells. A response was regarded as potentiated if
there was more than 20% increase over the size of
the mean control response (Bradshaw et al., 1974).
An example of potentiation is shown in Figure 1.
Antagonism of the response to dopamine was seen
in six cells. A response was regarded as
antagonized if there was more than 20% decrease
in the size of the response compared to the mean

Figure 1 Potentiation of excitatory responses of a
single caudate neurone to dopamine (DA) by
desipramine (DMI). Top of the figure shows excerpts
from the ratemeter recording of the firing rate of the
neurone. Horizontal bars indicate applications of
dopamine; numbers refer to the intensity of the
ejecting current (nA). (a) Control response to
dopamine; (b) potentiated response to dopamine
1 min after a brief application of desipramine (40 nA;
80s); (c) recovery of control response 25 min after
the application of desipramine. The graph at the
bottom shows the time course of the entire study. The
sizes of the responses to dopamine are expressed as a
percentage of the mean of the control responses. Each
column represents a single response. Letters above the
graph indicate responses illustrated in the rate-meter
tracings above.

Responses of caudate neurones to monoamines and acetylcholine

Agonist

Dopamine
Noradrenaline
5-Hydroxytryptamine
Acetylcholine

Excitation

33 (53%)
32 (50%)
32 (64%)
52 (91%)

Response (number of cells)

" Depression Biphasic
21 (34%) 8 (13%)
26 (41%) 6 ( 9%)
12 (24%) 6 (12%)

4( 7%) 1( 2%)

Table 2 Correlation between the effects of dopamine and of other agonists on caudate neurones

Agonists compared *

Dopamine, noradrenaline
Dopamine, 5-hydroxytryptamine (19)
Dopamine, acetylcholine

Direction of responses to the

(33)

(17)

. Significance
two agonists of correlation
Same Opposite (x? test)
91% 9% P < 0.001
79% 21% NS
71% 29% NS

* Figures in parentheses indicate number of cells on which comparisons were made.
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Figure 2 Potentiation of depressant responses of a single caudate neurone to dopamine (DA) by desipramine
(DMI). Top of the figure shows excerpts from the ratemeter recording of the firing rate of the neurone (as in
Figure 1). (a) Control response to dopamine; (b) potentiated response to dopamine 13 min after a brief
application of desipramine (100 nA; 50s); (c) recovery of the control response 21 min after the application of
desipramine. Graph at the bottom shows the time course of the entire study (as in Figure 1).

of the control responses. In three of the cells in
each group, both potentiation and antagonism
were observed. The response was first antagonized
following the application of desipramine; this
antagonism was followed later by potentiation,
and finally by recovery of the control response. In
two cells no significant change in the size of
responses could be observed after the application
of desipramine. The degrees of potentiation or
antagonism seen in each cell are summarized in
Figure 5.

In another three cells the excitatory response

was reversed into depression following the
application of desipramine.
Depressant responses Both potentiation and

antagonism of depressant responses to dopamine
could be observed after a brief application of
desipramine. Potentiation was seen in six cells,
antagonism was seen in three cells. In one cell
included in each group both antagonism and

potentiation were observed. An example of the
potentiation of the depressant response to
dopamine by desipramine is shown in Figure 2. In
one cell no significant change in the size of
responses could be observed after the application
of desipramine. The degrees of potentiation or
antagonism seen in each cell are summarized in
Figure 5.

In six other cells, the depressant response to
dopamine was reversed into excitation following
the application of desipramine.

Effect of desipramine on responses to
noradrenaline
Excitatory responses Both potentiation and

antagonism of excitatory responses to NA could
be observed after a brief application of desi-
pramine. Potentiation was observed in four cells,
antagonism was seen in six cells. In one cell
included in each group both antagonism and



a
100
0 n A A : ) L~ min
b NATO
100
L
%
o) \ . . A A . min
c NA100
100(
0 X N . A . . min
NA1
150 | t-?
5% al
— a M 1
Qé‘oo_-ﬂw._l{w-_.._.—. — —J-‘ —c.:_
g I
5 |
]
€ 5 sof |
: |
Il

§ 10 15 20 20 30 35
' min
DMI(100nA.60s)

Figure 3 Potentiation of excitatory responses of a
single caudate neurone to noradrenaline (NA) by
desipramine (DMI). Top of the figure shows excerpts
from the ratemeter recording of the firing rate of the
neurone (as in Figure 1). (a) Control response to NA;
(b) potentiated response to NA 6 min after a brief
application of desipramine (100 nA; 60s); (c)
recovery of the control response 31 min after the
application of desipramine. Graph at the bottom
shows the time-course of the entire study (as in
Figure 1).

potentiation were observed, the antagonism
preceding the potentiation. An example of the
potentiating effect of desipramine on responses to
NA is shown in Figure 3. In one cell no significant
change in the size of responses could be observed
after the application of desipramine. The degrees
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of potentiation or antagonism seen in each cell are
summarized in Figure 5.

In one further cell the excitatory response to
NA was reversed into a depression following the
application of desipramine.

Depressant responses Potentiation was seen in
six cells depressed by NA, antagonism was
observed in four cells. Both effects were seen in
two cells included in both groups. In two cells no
effect of desipramine could be observed. Figure §
summarizes the degrees of potentiation or
antagonism observed in each cell.

In another four cells the depressant response
to noradrenaline was reversed into an excitatory
one following the application of desipramine.

Effect of desipramine on responses to
S5-hydroxytryptamine

Excitatory responses Potentiation was observed
in four cells excited by 5-HT, antagonism was seen
in three cells. In two cells in each group both
antagonism and potentiation were seen; the
antagonism preceded the potentiation. On two
cells no effect of desipramine could be observed.
The data are summarized in Figure 5.

Depressant responses In one cell, the depressant
response to 5-HT was reversed into an excitation,
following the application of desipramine.

Effect of desipramine on responses to
acetylcholine

Both potentiation and antagonism of excitatory
responses to ACh could be observed after a brief
application of desipramine. Potentiation was
observed in four cells, antagonism was seen in four
cells. In one cell included in each group both
antagonism and potentiation were seen; the
antagonism preceded the potentiation. An
example of the potentiating effect of desipramine
on responses to ACh is shown in Figure 4. In two
cells desipramine had no significant effect. The
data are summarized in Figure 5.

Effect of desipramine on responses to glutamate

The effect of desipramine on excitatory responses
to glutamate was studied in 10 cells. The effects of
glutamate on the firing rate were studied for
20-30 min following the application of desi-
pramine. In none of the cells could any significant
change be observed in the size of the responses to
glutamate after the application of desipramine
(See Figure 5).



290 P. BEVAN, C.M. BRADSHAW & E. SZABADI

100
2
<L
N a b c
[+ w
@ -MW
° ' — - . L . s L min
— —-_— ]
ACh50 ACh 50 ACh50
b
_. 200r _
X 2 I ] ~
< o | N n
%% 3 - l _ M
o §
‘3; c a 1 C
Q 100 — U | SR ) S ) R ) S N
2T
g @ |
7
a g
e} l
|
0 5 10 15 20 25 min
DMI(50nA.40s)

Figure 4 Potentiation of excitatory responses of a single caudate neurone to acetylcholine (ACh) by
desipramine (DMI). Top of the figure shows excerpts from the ratemeter recording of the firing rate of the
neurone (as in Figure 1). (a) Control response to ACh; (b) potentiated response to ACh 4 min after a brief
application of desipramine (50 nA; 405s); (c) recovery of the control response 26 min after the application of
desipramine. Graph at the bottom shows the time course of the entire study (as in Figure 1).

Discussion

The results presented in this paper were obtained
on spontaneously firing single neurones in the
caudate nucleus of the rat. There have been some
recent reports concerning the effects of dopamine
(Gonzalez-Vegas, 1974; Woodruff, Elkhawad,
Crossman & Walker, 1974; Siggins, Hoffer &
Ungerstedt, 1974; Spencer & Havlicek, 1974) and
of NA and ACh (Spencer & Havlicek, 1974) in this
structure and in this species. Although Woodruff
et al. (1974) reported only depressant responses to
dopamine in cells activated by homocysteic acid,
other authors described the occurrence of both
excitatory and depressant responses to DA
(Gonzalez-Vegas, 1974; Siggins et al., 1974,
Spencer & Havlicek, 1974) and to NA (Spencer &
Havlicek, 1974). We observed both excitatory and
depressant responses to dopamine, NA, and 5-HT.
Similarly, both excitatory and depressant res-
ponses to the monoamines have been described in
the striate nucleus of the cat (Salmoiraghi &
Stefanis, 1965; Bloom, Costa & Salmoiraghi, 1965;

McLennan & York, 1967; York, 1970). A fair
proportion of neurones in our material responded
in a biphasic fashion to the monoamines (see
Table 1). Biphasic responses to dopamine have
been described in the striate nucleus of the cat
(York, 1970), and of the monkey (York, 1972).
The presence of biphasic responses and the
observation of ‘spontaneous response reversal’ may
suggest that both excitatory and inhibitory
receptors to the same monoamine can co-exist on
the same cell (Szabadi & Bradshaw, 1974). The
high correlation between both the excitatory and
depressant effects of dopamine and NA (compared
to the lack of correlation between the effects of
dopamine and 5-HT) (see Table 2) suggests that
dopamine and NA may act at similar receptors on
caudate neurones. Indeed, it is known that
dopamine stimulates o«-adrenoceptors in the
periphery (Rossum, 1965).

ACh had a predominantly excitatory effect in
our experiments. When responses to dopamine and
ACh were compared on the same neurones, no
significant correlation, either positive or negative,
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Figure 5 Summary of the effects of desipramine on neuronal responses to dopamine, noradrenaline,
5-hydroxytryptamine (5-HT), acetylcholine (ACh), and glutamate (Glu).

(a) Potentiation: each point shows the maximum potentiation observed on one individual cell (e.g. response b in
Figure 1). +: excitatory responses; —: depressant responses. A response was regarded as potentiated if there was
more than 20% increase over the size of the control response (see text).

(b) Antagonism: each point shows the maximum degree of antagonism observed on one individual cell. A
response was regarded as antagonized if there was more than 20% decrease over the size of the control response

(see text).

could be found (see Table 2). This would argue
against the claim that dopamine and ACh have
opposite effects in the caudate nucleus (Klawans,
1968; Yahr & Duvoisin, 1972).

Desipramine applied by microelectrophoresis
had a dual effect on responses to monoamines and
ACh: both antagonism and potentiation of the
responses could be observed. Responses to
glutamate - were not affected. A dual effect of
desipramine on responses to NA and 5-HT
(Bradshaw et al., 1974) and on responses to ACh
(Bevan et al, 1975a) has been described in the
cerebral cortex of the cat.

The antagonism of responses to NA could be
interpreted on the basis of the a-adrenoceptor

blocking effect of desipramine (Turker &
Khairallah, 1967). Since it is known that
dopamine can stimulate peripheral a-adreno-
ceptors (Rossum, 1965), an a-receptor blocking
action might explain the antagonism of responses
to dopamine. The antagonism of responses to
S-HT may be explained on the basis of the
anti-S-HT action of the antidepressants (Domenjoz
& Theobald, 1959), whereas the antagonism of
responses to ACh may reflect the antimuscarinic
action of these drugs (Atkinson & Ladinsky,
1972). :

It is more difficult to interpret the potentiating
effects of desipramine. In the case of 5-HT, the
most plausible explanation is uptake blockade.
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There is indirect evidence that S5-HT terminals
reach the caudate nucleus (Gumulka, Ramirez del
Angel, Samanin & Valzelli 1970), and that
desipramine inhibits the uptake of 5-HT into brain
tissue (Ross & Renyi, 1969). Uptake blockade,
however, cannot explain the potentiation of
responses to dopamine and NA by desipramine. It
is known that both dopamine and NA are
accumulated by an active uptake process in the
striatum (Horn et al., 1971); this uptake, however,
is almost entirely unaffected by desipramine (Ross
& Renyi, 1967; Horn et al,, 1971). An alternative
explanation for potentiation could be that it
reflects the blockade of masked, and functionally
opposite, receptors on the post-synaptic neurone
(Szabadi & Bradshaw, 1974; Bradshaw et al.,
1974). The blockade of masked receptors could
also account for the prolongation of the recovery
time of the potentiated responses often seen in our
experiments (e.g. Figure 1), since the activation of
the masked receptors may contribute to the
termination of the response (Szabadi & Bradshaw,
1974). Our observation that the response to a
monoamine was occasionally reversed after the
application of desipramine can also be interpreted
by this model. In this case, desipramine would
block the dominant receptors selectively and thus
reveal the effect of the masked receptors.
However, since response reversal occurred spon-
taneously in a few cells, the causal relationship
between the application of desipramine and the
subsequent reversal of the response remains
inconclusive.

It has been suggested that the potentiation of
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