PHYSIOLOGY

SYNAPTIC RESPONSES OF SENSORIMOTOR CORTICAL
NEURONS TO DIRECT CORTICAL STIMULATION

L. L. Voronin UDC 612.815.1:612.825.1

The inhibitory postsynaptic potential in the response of sensorimotor cortical neurons to
direct stimulation consists of two components, presumably generated by different parts of
the neuron.

Although responses of cortical neurons to direct stimulation of the surface of the cortex have fre-
quently been investigated, including by intracellular recording methods [11,12, 14,15,17], the writer's ex~
periments have revealed some unusual features of these responses which merit special description.

EXPERIMENTAL METHOD

Experiments were carried out on unanesthetized rabbits by the method described previously [1, 2].
The surface of the sensorimotor cortex was stimulated with single (less frequently than 1/sec), short (0.1~
0.5 msec) pulses (5-15 V) through silver bipolar electrodes touching the pia mater. The stimulating elec-
trodes were less than 1 mm apart and from the site of insertion of the glass recording microelectrode,
which was filled with potassium citrate.

EXPERIMENTAL RESULTS

During intracellular and quasi-intracellular recording, in most cases (55 of 71 cells) an ordinary
response was observed (Figs. 1A,2A,), consisting of a primary excitatory postsynaptic potential (EPSP)
followed by an inhibitory postsynaptic potential (IPSP), If the strength of stimulation was strong enough,
the EPSP gave one (less commonly two) spike(s) (Fig. 3¢,j). In neurons with low (10-30 mV) membrane
potential (MP), because of damage by the microelectrode (40 cells were recorded), as a rule the response
began with a primary IPSP (Figs. 1C,D, 3d,e,k,1).

In many neurons (Fig. 1B}, and this was particularly obvious in a large number of the damaged cells
(Figs. 1C, 2A,, Bs), the IPSP consisted of two components: a first of relatively short duration (15~30 msec)
and a second, longer component (over 80 msec)., During gradual injury to the neurons (Figs. 1B, 2A) the
primary component of the IPSP increased from the early stages of injury (Fig. 1B,) then decreased slightly,
while the secondary component at first showed little change, and then decreased so that the separation into
two components became more obvious (Figs. 1B,,3, 2Aj).

Changes in the PSPs during passage of a polarizing current through the recording intracellular mi-
croelectrode by means of a bridge circuit were investigated in four neurons. In control tests (without the
current) hyperpolarization consisting of two components was observed (Fig. 2B;). Component I showed a
distinct increase against the background of the depolarizing current and fell steeply, changing its sign with
the current in the opposite direction (Fig. 2B,C). Component II was virtually unchanged during artificial
hyperpolarization and decreased slightly during passage of the depolarizing current,
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Fig. 1. Responses to direct cortical stimulation recorded in five neurons from differ-
ent experiments: A) typical intracellular response consisting of EPSP-IPSP sequence;
B) response consisting of two-component IPSP: 1) at beginning of recording; 2,3) at
various stages of injury (see text); 4) control focal extracellular potential recorded
immediately before recording unit activity; C,D,) intracellular responses of two de~
polarized cells; Dy) focal extracellular potential immediately after death of neuron
illustrated in Dy; E) response consisting of primary high-frequency discharge. In A
and E: 1) recording through ac amplifier (RC = 0.1 sec); 2) the same, through dc am-
plifier with lower amplification. Here and in Fig. 2, dots denote time of stimulation.
In B,, temporary restoration of inactivated spike activity takes place during develop-
ment of component II of IPSP,

It cannot be concluded from these findings that the complex appearance of the IPSP is due entirely
to superposition of the secondary EPSP on it. It shows that the IPSP consists of two components with dif-
ferent properties. It can be assumed that component I was generated by axosomatic synapses located
near to the point of insertion of the microelectrode, while component II was associated with activity of more
distant (axodendritic) inhibitory synapses. The decrease in component II during damage to the cell is evi-
dently due to the decrease in input impedance of the neuron body. The slight changes in this component
during passage of the current likewise can be explained by changes in membrane resistance. In addition,
this component may be connected primarily, not with IPSP generation, but with "disfacilitation" [18], i.e.,
with a decrease in the background excitatory input. There is a corresponding decrease in amplitude of the

background synaptic waves in the corresponding period, which is clearly visible in depolarized neurons
(Fig. 1Dy),

However, "disfacilitation" alone cannot explain the late long-latency hyperpolarization in cortical
neurons [16],

The presence of two components of the IPSP has recently been discovered also at other levels of the

nervous system [8-10]; they can also be seen in previously published recordings of unit responses from the
rabbit and cat cortex to peripheral stimuli [2,3,5].

In the overwhelming majority of extracellular recordings the primary response also consisted of one
(Fig. 3B), less commonly of 2-3 spikes, or consisted entirely of inhibition, A short-latency high-frequency

(300-600/sec) discharge up to 25-30 msec in duration was generated only in 2 few cases (in less than 10%
of all neurons investigated; Fig. 3a,g).
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Fig, 2, Changes in response to surface stimulation after injury (A) and during intra-
cellular polarization (B,C). A: 1) Subthreshold unit response during quasi~intracellu-
lar recording; 2, 3) intracellular recording of activity of same neuron (puncture of mem-~
brane caused appearance of background discharges and spike response to stimulation);
4) response of same neuron after depolarization as a result of injury; 5) control extra-
cellular potential after death of cells. B: 1,2,4,5) Responses of another neuron during
passage of polarizing current of different strengths; 3) control response without polar-
ization. C) Graph showing amplitude of postsynaptic potential (deviation along ordinate
in mV) as a function of strength of current passed intracellularly (deviation along ab-
scissa in nA). Maximal amplitude of primary PSP (black circles) and magnitude of sec-
ondary response 120 msec after stimulation (empty circles) measured. Tops of spikes
not shown in Ay and Ag. In A; and Ag—ac amplifier; in other records, de amplifier.
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Fig. 3. Responses to methods of stimulation recorded in 11 neurons from same experi-
ment: ) focal extracellular response recorded immediately after death of cell shown in

e. Responses consisting of a single spike, similar o response in b were recorded extra-
cellularly in this experiment from another nine neurons not shown in this figure. Records
with greater amplification (a,c,e,f,h,]j, and also top curves in d, k, /) obtained with ac am-
plifier, while records with lower amplification (b, g, 1, lower curves of 4,k, /) were ob-
tained with dc amplifier. In a-g: same time scale; slightly different scale for h-/. Upper
parts of curves in ¢,h,j not shown, Remainder of explanation in text.
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In agreement with other workers [4,6,11,13], it can be postulated that a discharge of this type re-
flects activity of inhibitory cells. This hypothesis was confirmed by observations which revealed waves
of high (300-600 Hz) frequency in some neurons in the initial part of the IPSP (Fig. 3d,e,k, I).

Attempts to obtain intracellular or even quasi-intracellular recordings from neurons with a prolonged
high-frequency initial discharge as a rule led to rapid death of the neurons. This is indirect evidence that
cells giving responses of this type are small interneurons, Only in two cases could the microelectrode be
brought up to such a position that slow waves corresponding to the intracellular IPSPs appear on the trace.
In these cases, an IPSP was observed immediately after the primary EPSP, just as in all other neurons
(Fig. 1e).

The high-frequency discharge of the hypothetical inhibitory interneurons (Fig. 3g) readily explains
the origin of component I of the IPSP, So far as the long II component of the IPSP is concerned, there are
evidently no neurons in the cortex with such a prolonged discharge [4,6,7,11]. It is possible that, just as
in many other structures [7], prolonged cortical IPSPs are generated by the relatively short discharge of
an inhibitory neuron,

LITERATURE CITED

1. L. L. Voronin and V. G. Skrebitskii, Byull. EkSperim, Biol, i Med., No. 5, 3 (1965).
2, L. L. Voronin, Fiziol. Zh. SSSR, 53, 623 (1967).
3. L. L. Voronin and L. I, Tanengol'ts, Zh. Vyssh. Nervn. Deyat., 19, 71 (1969).
4. I, N. Kondrat'eva, Zh. Vyssh, Nervn. Deyat., 14, 1069 (1964),
5, V. G, Skrebitskii and L. L. Voronin, Zh, Vyssh, Nervn. Deyat., 16, 864 (1966).
6. A. G, Sukhov, Fiziol. Zh. SSSR, 54, 270 (1968).
7. d., C, Eccles, Inhibitory Pathways of the Central Nervous System, Liverpool (1969).
8, dJ. S, Kehoe, Nature, 221, 866 (1969).
9. Y. Kidokoro, Brain Res., 10, 448 (1968).
10. Y. Kidokoro, K. Kubota, 8. Shuto, et al., J. Neurophysiol., 31, 695 (1968).
il. K. Krnjevic, M. Randic, and D, W, Straughan, J. Physiol. (London), 184, 49 (1966),
12, C.-L. Li and 8, N, Chou, J, Cell, Comp, Physiol., 60, 1 (1962).
13. R. M. Morrell, Nature, 183, 979 (1959).
14. C. G, Phillips, Quart. J. Exp. Physiol., 41, 58 (1956),
15. J. Rosenthal, H, J, Waller, and V. 8. Amassian, J, Neurophysiol., 30, 844 (1967).
16. C. Stefanis and H. Jasper, J. Neurophysiol., 27, 828 (1964).
17. 8, Sugaya, S, Goldring, and J. L. O'Leary, Electroenceph. Clin. Neurophysiol,, 17, 661 (1964).
18. K, Toyama, N. Tsukahara, and M. Udo, Exp. Brain Res., 4, 292 (1967-1968),

1241



