CHOLINERGIC NATURE OF HYPOTHALAMO-CORTICAL EXCITATORY INFLUENCES
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The writer obtained evidence previously of excitation of visual cortical neurons in
rabbits during electrical stimulation of some hypothalamic structures: the ventrocaudal
zone of the lateral hypothalamic region, the perifornical region, and the supramammilary
region [2]. The question of identification of the mediator of these hypothalamo-cortical
excitatory connections has arisen.

The most likely mediator transmitting nonspecific information to the neocortex from
these phylogenetically old parts of the brain such as the reticular formation, hypothalamus,
and so on, is acetylcholine (ACh). It is known that ACh, if applied microiontophoretically,
excites single cortical neurons [7, 11] and participates in the functioning of the cortical
arousal system [6]. ACh and enzymes of its synthesis and inactivation are present in the
cerebral cortex [4, 8], and their content is reduced by undercutting of the cortex and its
isolation from the subcortex [3, 5].

In the investigation described below ACh and atropine were applied by microiontophoresis
to single visual cortical neurons in order to obtain direct evidence that ACh is the mediator
of hypothalamo-cortical excitatory influences.

EXPERIMENTAL METHOD

Experiments were carried out on 19 adult rabbits weighing 3.0-3.5 kg. General anesthe-
sia was not used, Areas of possible painful sensations were infiltrated with the long-acting
local anesthetic proloncain., The animals were curarized (5 mg/kg diplacin) and artificially
ventilated. The central barrel of a five-barreled micropipet, filled with 3 M NaCl, was used
to derive action potentials extracellularly from visual cortical neurons in the focus of max-
imal activity. The remaining barrels were used for microiontophoretic application of the
following substances: acetylcholine chloride (0.3 M,pH 4.0), atropine sulfate (0.3 M,pH 4.5),
and sodium glutamate (0.5 M,pH 7,1). One of the barrels, filled with 3M NaCl, was used to
compensate for current artifacts.

Bipolar nichrome electrodes (diameter 0.15 mm, interelectrode distance 0.2 mm) were
used to stimulate the hypothalamus., The parameters of the stimulating pulses were: 12-200
wA, 0.1 msec, 75 sec”'; 1 min., Electrodes were inserted into the lateral hypothalamic re-
gion (AP —2.5 to AP +2.5; S 1.5-2.5; V —2 to V —%) in accordance with stereotaxic coordinates
from Fifkova and Marsala's atlas [1]. The location of the tip of the stimulating electrode
was verified histologically (staining by Nissl's method) after electrolytic destruction.

The ongoing mean frequency of neuronal discharges was recorded in analog form by means
of a frequency meter actually during the experiment (Fig. 1). Unit activity was recorded
simultaneously on magnetic tape and later subjected to statistical analysis by means of a
Neiron-1 analyzer and Biokod-1 converter (Figs. 2 and 3)., Integral (cumulative) histograms
based on 50 realizations (At = 5.0 msec) were obtained by the synchronous summation method.

EXPERIMENTAL RESULTS

On microiontophoretic application ACh increased the spontaneous discharge frequency of
more than half (56 of 95) of the visual cortical neurons (Table 1). Some neurons (30 of 95)
were insensitive to ACh and the activity of other cells was reduced by ACh (9 of 95).
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Fig. 1. Reduction of excitatory effect of
ACh by atropine. A) Responses of neuron to
ACh after microiontophoretic application of
atropine; B) responses of neuron to ACh 5

min after end of application of atropine.
Abscissa, time (in msec); ordinate, dis-—
charge frequency of neuron (spikes/sec).
Horizontal lines mark duration of microionto-
phoretic application of substances; numbers
beneath them show strength of currents (in
nA). Broken line represents control applica-
tion of Nat by a current of 50 nA. Sponta-
neous activity of neuron maintained by con-
stant application of sodium glutamate {5 nA).
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Fig. 2., Blocking by atropine of excitation
of a neuron evoked by stimulation of ventro-
caudal zone of lateral hypothalamic region
(AP +2.5, S 1.5, V —3.75) and microionto-
phoretic application of ACh. A, B) Before
microiontophoretic application of atropine;
C, D) after atropine. LH) Lateral hypothal-
amus; C) control, 1 min before effects of

LH and ACh. ACh applied by current of 16 nA,
atropine by a current of 7 nA., Duration of
application of both agents and of hypothalamic
stimulation 1 min. Abscissa, time (in msec);
ordinate, frequency of spikes.

Atropine reduced or completely blocked the excitatory effect of ACh (53 and 56 neurons).
It will be clear from Fig. 1A that ACh, when applied microiontophoretically by a current of
40 nA, caused a well reproducible increase in the spontaneous discharge frequency of the
neuron from 2.5-5 spikes/sec to over 15 spikes/sec. If ACh was applied by a current of the
same strength, applied 0.5 min after microiontophoretic application of atropine (14 nA), it
gave a much weaker excitatory effect, and if the test was repeated 2.5 min after the begin-
ning of application of atropine, it had no effect at all on unit activity.

The blocking of the excitatory effect of ACh usually lasted several minutes (from 2
to 15 min) after the end of application of atropine. Recovery of the excitatory effect of
ACh 5 min after the end of application of atropine can be seen in Fig. 1B.

Evidence of the specificity of the cholinolytic effect of atropine is given by the
fact that the excitatory action of sodium glutamate was not reduced after application of



TABLE 1. Correlation between Different
Types of Visual Cortical Unit Responses
to Electrical Stimulation of Lateral
Hypothalamus and Microiontophoretic
Application of ACh

Lateral hypothalamus
ACh No Total
+ - |effect
-+ 21 18 17 56
— 0 0 9 9
No response 3 6 21 30
Total C. 24 24 47 95

Legend. Numbers denote number of neurons;
plus sign indicates increase, minus sign
a decrease in discharge frequency.
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Fig. 3. Resistance of neuronal depression
evoked by stimulation of rostral zone of
lateral hypothalamus (AP 0; S 2.0; V —2.5)
to atropine. A) Before, B) after applica-
tion of atropine (48 nA). Remainder of
legend as to Fig., 2.

atropine in a dose sufficient to exhibit distinct antagonism with ACh. The spontaneous dis-
charge frequency of the neuron illustrated in Fig. 1 was kept artifically at the assigned
(increased) level (3~5 spikes/sec) by constantly applying sodium glutamate. Atropine thus
does not affect spontaneous activity, i.e., it does not reduce the excitatory effect of
gsodium glutamate.

The cholinolytic effect of atropine could be observed when comparatively weak micro-
iontoelectrophoretic currents were used (5-30 nA). The membrane-stabilizing (local anes-
thetic) action of atropine, expressed as a reduction in amplitude of action potentials of
the neurons, was observed only when currents of over 50 nA were used.

During electrical stimulation of different zones of the lateral hypothalamic region,
both an excitatory (24 of 95 neurons) and an inhibitory (24 of 95 neurons) effect was ob-
served on visual cortical unit activity. The discharge frequency of half of the neurons
tested (47 of 95) was unchanged by hypothalamic stimulation. An excitatory effect was ob-
served more often during stimulation of the ventrocaudal zones of the lateral hypothalamic
region (16 of 24). Characteristically, mainly those neurons whose activity increased under
the influence of microiontophoretically applied ACh were excited (Table 1).

In 17 of 24 neurons excitation evoked by hypothalamic stimulation decreased or was
completely suppressed by microiontophoretic application of atropine. It will be clear from
Fig. 2A that in response to stimulation of the ventrocaudal zone of the lateral hypothalamic
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region unit activity increased from 5 to 8 spikes/sec (an upward shift of the curve}. A
similar effect was observed during microiontophoretic application of ACh to this same neuron
by a current of 16 nA (Fig. 2B). Microiontophoretic application of atropine (7 nA) com—
pletely abolished both the facilitatory effect of hypothalamic stimulation (Fig. 2C) and
excitation of the neuron evoked by ACh (Fig. 2D).

The more rostrally the tip of the stimulating electrode was located in the lateral
hypothalamic region the more often visual cortical unit activity was observed to be inhibited.
This inhibition, by contrast with hypothalamic excitation, was not reduced in a single case
(0 of 24) by atropine. It will be clear from Fig. 3 that depression of unit activity (a
downward shift of the curve, from 11 to 8 spikes/sec) under the influence of stimulation of
the rostral zone of the lateral hypothalamic region not only was not reduced, but was actu-
ally increased a little by microiontophoretic application of atropine (48 nA). It must be
emphasized that the activity of neurons inhibited by hypothalamic stimulation was not re-
duced by ACh (Table 1).

It follows from the data described above that excitation of visual cortical neurons
evoked by stimulation of the ventrocaudal zone of the lateral hypothalamic region is due,
unlike hypothalamic inhibition, to activation of acetylcholine receptors, evidently of the
muscarinic type, This is shown both by the correlation between the ability of the neurons
to increase their activity under the influence of hypothalamic stimulation and their ability
to be excited by ACh, and the possibility of blocking of both excitatory effects by the
muscarinic cholinolytic drug atropine,

The results of these experiments agree with those of histochemical investigationms,
showing that cholinergic fibers in the cerebral cortex arise in various subcortical strue-
tures, including hypothalamic [9, 10]. The cholinergic nature of nonspecific connections
of the mesencephalic reticular formation with the visual and sensomotor cortex was convinc-
ingly proved in [12, 13].

It is not yet clear whether hypothalamo~cortical influences are due to activation of
mono- or (and) polysynaptic pathways. The method of microiontophoretic application, by con-
trast with systemic administration of drugs, enables the mediators to be identified with a
sufficient degree of reliability, at least in the last, cortical stage of these connections.
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