Neurotransmitter Control of
Neocortical Neuronal Activity and
Excitability

The pattem of activity and excitability of cortical neurons
and neuronal circuits is dependent upon the interaction
between glutamatergic and GABAergic fast-activating
transmitter systems as well as the state of the more
slowly acting transmitters such as ACh, norepinephrine,
5-HT, and histamine. Through the activation of GABA,
receptors, GABAergic neurons regulate the amplitude
and duration of EPSPs and, in so doing, control the level
of functional activation of NMDA receptors. In contrast,
activation of muscarinic, adrenergic, serotoninergic, his-
taminergic, and glutamate metabotropic receptors con-
trols the excitability and pattern of action potential gen-
eration in identified pyramidal cells through increases
or decreases in various K+ conductances. Activation of
muscarinic, «,-adrenergic, or glutamate metabotropic re-
ceptors on layer V burst-generating corticotectal or cor-
ticopontine neurons results in depolarization through a
reduction in a K* conductance and a switch in the firing
mode from repetitive burst firing to single-spike activity.
In contrast, activation of muscarinic, S-adrenergic, H,-
histaminergic, and ssrotoninergic receptors on regular-
spiking layer lI/Ill, V, and/or VI corticogeniculate py-
ramidal cells results in a decrease in spike frequency
adaptation and increased responsiveness to depolarizing
inputs through a reduction in a slow Ca®+-activated K+
current, /,,,, and/or a voltage-dependent K+ current,
k. Through thess, and other, mechanisms the spatial
and temporal pattern of activity generated in cortical
circuits is regulated by both intracortical and extracort-
ical neurotransmitter systems.
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Neuronal activity and synaptic processing in the ce-
rebral cortex are critically dependent upon the ac-
tions of neurotransmitters not only for the rapid com-
munication between cells but also for the control of
neuronal excitability and patterning of neuronal dis-
charge. Rapid excitation and inhibition are believed
to characterize the vast majority of synaptic connec-
tions between the various subtypes of cortical neu-
rons. The putative neurotransmitters glutamate and
GABA seem well suited for these roles, since they
both can directly activate ionotropic receptor chan-
nels (reviewed in Nicoll et al., 1990). In contrast, the
anatomical patterns of innervation of the cerebral cor-
tex and the postsynaptic actions of the modulatory
transmitters ACh, norepinephrine (NE), 5-HT, hista-
mine, and dopamine suggest that these ascending
systems are well suited for controlling the pattern of
activity and level of excitability exhibited by cortical
neurons (reviewed in Nicoll et al., 1990; McCormick,
1992). The line of distinction between fast-acting and
modulatory transmitter systems has become blurred,
however, since both glutamate and GABA can have
slower, longer-lasting actions through G-protein—
coupled receptors and activation of second messen-
ger systems (e.g., Andrade et al., 1986; Charpak et al.,
1990; McCormick and von Krosigk, 1992).

Control of neuronal excitability in the cerebral cor-
tex not only is critical for the accurate processing of
sensory information and the generation of motor out-
put, but can also determine the occurrence of a variety
of abnormal phenomena including epileptic seizures,
coma, age-related cognitive decline, and psychoses,
among others. Two broad categories of regulation that
occur in the cerebral cortex are (1) control of synaptic
responses through either the regulation of the various
components of fast synaptic action or the interaction
of various ionotropic transmitter responses and (2)
regulation of neuronal excitability and input/output
relation through the modulation of identified post-
synaptic currents. An example of the first is the wide-
spread presence and ability of GABAergic systems in
the cerebral cortex to regulate the flow of excitatory
synaptic potentials and plasticity throughout cortical
circuits (e.g., Sillito, 1984; Artola and Singer, 1987;
Miles and Wong, 1987; Mott and Lewis, 1991). An
example of the second is the ability of ACh to change
the firing mode of layer V pyramidal cells from one
of repetitive burst firing to single-spike activity through
the reduction of specialized K* currents, thereby
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changing the descending output of the cerebral cor-
tex (Wang and McCormick, 1993).

Materials and Methods

Intracellular recordings were obtained from 400—450-
pm-thick slices of guinea pig primary visual or so-
matosensory cortex, or human neocortex, maintained
in an interface style recording chamber as previously
published (McCormick and Prince, 1986).

Identification of layer V and layer VI neurons that
project to either the superior colliculus, pontine nu-
clei, or the lateral geniculate nucleus (LGN) was per-
formed with retrograde transportation of rhodamine
microbeads (Katz et al., 1984), and intracellular in-
jection of Lucifer yellow as previously published
(Wang and McCormick, 1993).

Computational modeling of neuronal activity in
single cortical pyramidal cells was performed using
the programs vcLamp and ccrame, version 3.0, by Hu-
guenard and McCormick (1992; McCormick and Hu-
guenard, 1992), which operate on IBM AT-style com-
puters (see Appendix).

Resufts and Discussion

Role of GABA in the Control of Neuronal
Excitability

Activation of afferents to cortical pyramidal cells re-
sults in a typical sequence of postsynaptic potentials
including an initial monosynaptic EPSP followed by
two phases of IPSP (Fig. 1B). The IPSPs result from
the excitation of cortical GABAergic interneurons,
which often generate a train of action potentials in
response to delivery of a single shock stimulus (Fig.
14). The subsequent release of GABA results in two
distinct 1PSPs. Activation of GABA, receptors results
in a conformational change in the receptor/iono-
phore, thereby allowing the conduction of Cl~ across
the membrane, with a subsequent reversal potential
of around —75 mV (reviewed in Bormann, 1988; see
Connors et al., 1988; McCormick, 1989). IPSPs me-
diated by GABA, receptors are rapid in onset and can
be associated with large (up to 75 nS) increases in
membrane conductance. They form the inhibitory
counterpart of rapid EPSPs in the cerebral cortex (Mc-
Cormick, 1989).

Activation of GABA, receptors, in contrast to GA-
BA,, results in a kinetically slower IPSP through the
activation of a relatively small (up to 15 nS) K* con-
ductance via G-proteins (Fig. 1B; Andrade et al., 1986;
Connors et al., 1988; Dutar and Nicoll, 1988; McCor-
mick, 1989; Premkumar et al., 1990). Indeed, appli-
cation of the G-protein G,, or the a-subunit G, to
the inner membrane of hippocampal pyramidal cells
activates up to four different types of K+ channel (Van
Dongen et al., 1988).

Functionally, GABA, receptor-mediated IPSPs are
capable of strongly inhibiting action potential dis-
charge and regulating the responsiveness of cortical
cells to fast EPSPs (Connors et al., 1988; McCormick,
1989). For example, mild suppression of GABA, re-
ceptor-mediated inhibition results in a strong en-
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hancement of EPSPs, indicating that these two forms
of PSPs overlap substantially in time when activated
by a single shock (Fig. 1C; McCormick, 1989). Stron-
ger reduction of GABA, receptor-mediated inhibition
typically results in “runaway” excitation among the
interconnected network of excitatory cells in the ce-
rebral cortex, and the generation of epileptiform ac-
tivity (Fig. 1.D; Gutnick et al., 1982; McCormick, 1989).
This regulation by GABA of the amplitude-time course
of EPSPs in cortical pyramidal cells may extend to the
regulation of activation of NMDA receptors during
neuronal activity (e.g., Luhmann and Prince, 1990).
Therefore, GABAergic systems may have an important
regulatory role in controlling synaptic plasticity in
both normal (e.g., long term-potentiation model of
learning and memory and development) and abnor-
mal (e.g., kindling model of epilepsy) circuit func-
tion (reviewed in McNamara, 1986; Mott and Lewis,
1991).

The typical sequence of PSPs seen in normal py-
ramidal cells was simulated (see Appendix) by acti-
vation of an EPSP, mediated by AMPA and NMDA
receptors, followed by the activation of GABA, and
GABA, receptors (Fig. 1E). Under these circumstanc-
es, the EPSP is mediated in large part by the activation
of AMPA receptors, with a smaller contribution by
NMDA receptors, as in normal pyramidal cells (Sutor
and Hablitz, 1989a,b; Hablitz and Sutor, 1990). How-
ever, reduction of GABA,-mediated inhibition results
in a marked enhancement of the monosynaptic EPSP
and a subsequent strong enhancement of the activa-
tion of NMDA receptors with no change in the acti-
vation of AMPA receptors (Fig. 1F). These simula-
tions confirm the expected important regulation of
NMDA channel activation by GABA, receptors (e.g.,
see Luhmann and Prince, 1990; Staley and Mody, 1992).
Further, they suggest a mechanism whereby reduc-
tion of GABAergic inhibition (such as GABA disin-
hibition) enhances the ability to induce long-term
potentiation through activation of NMDA receptors in
the cerebral cortex and hippocampus (Artola and
Singer, 1987; Mott and Lewis, 1991). This is a poten-
tially important mechanism for plasticity both in adult
and developing animals (Luhmann and Prince, 1990;
Agmon and O’Dowd, 1992; Ramoa and McCormick,
1992).

In adult animals, GABAergic systems in the cere-
bral cortex have been associated with not only the
regulation of the amplitude-time course of EPSPs,
but also the spatial-temporal flow of neuronal activity
through cortical circuits (Sillito, 1984; Miles and Wong,
1987). Through the regulation of membrane potential
and input resistance, GABAergic neurons control the
path of activity that is generated through the inter-
connected sheet of excitatory neurons of the cortex.
Altering the strength, spatial placement, or timing of
these GABAergic IPSPs can control the pattern of ac-
tivity generated by the cortical network. An elegant
example of this has been demonstrated in the hip-
pocampus, where simultaneous recordings of neigh-
boring CA3 pyramidal cells reveal polysynaptic ex-
citatory interaction typically only after the partial
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Figure 1. Inhibrtton medisted by GABA requlates newronal responsiveness and expressicn of NMDA receptor-mediated EPSPs A, A common theme m the cerebral cortex is that
of feedforward inhébition 1n which ectivation of afferents (single etectrical shock applied to whnte matter a1 dots) ectivates GABAergic intemeurons (repetitive firing). B, Intraceitular
recording m pyremidal cells reveals 8 monosynaptic EPSP followed by the actvation of GABA, and GABA, receptor-mediated IPSPs fom the repetitive firmg of neighboring
imemeurons. £, Partial block of GABA, receptors with appiication of bicuculling results in an enhancement of the inus! EPSP and the lats GABA, IPSP (intracefkilar recordings in
GABAergic newrons reveal 8 marked increase in firing with bicuculling, perhaps from activation of disithibited pyremidel cells). 0, A more complete block of GABA, receptor-
mediated inhibition resufts in “runaway” excitation in local cortical networks and the generation of an epileptiform burst. This burst of activity is terminated both by activation of
GABA, receptors end Ca?* -activated K+ currems (Alger and Williamson, 1988; McCamek, 1889]. £ and £, Computer simutation of the data in £ and 0 m & singie-cefl modgd
{see Appendix). £, Reduction of GABA,-mediated mhxbitron by 60% results i enhancement of the iniual EPSP. Complste bock of GABA,-medisted ihihition resutts in a greatly
enhanced EPSP and subsaquently & substsmiial enhancemen of the NMDA conductance (g enhanced). A s from McComick et ol (1885); 8- are from McCormick {1888).

reduction of GABA, receptor-mediated inhibition
(Miles and Wong, 1987).

Modulatory Transmitter Actions

Investigation of the postsynaptic actions of modula-
tory transmitters in the cerebral cortex and hippocam-
pus has revealed four basic responses: (1) reduction
of the Ca**-activated K* current known as /,,,, (Haas
and Konnerth, 1983; Madison and Nicoll, 1986a,b;
McCormick and Williamson, 1989), (2) reduction of

the depolarization-activated K* current /,, (Halliwell
and Adams, 1982; McCormick and Williamson, 1989),
(3) reduction of “leak’” K+ currents (Madison et al.,
1987; Wang and McCormick, 1993), and finally, (4)
increase in membrane K+ conductance (Andrade et
al., 1986; McCormick and Williamson, 1989).

Reduction of 1 ,,,

Intracellular injection of current into many cortical
pyramidal cells results in a train of action potentials.
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Figure 2. Block of 8 slow Ce?*+-activated K+ cument increases response t depo-
larization. A, Intracefidar misction of & cument pulse into & human cortica! pyramidal
cell results in the generstion of four action potentials displsying spike frequency
adaptation and that are foflowed by a stow AHP. B, Local application of the muscarinic
recaptr agonist MCh blocks the siow AHP and grestly reduces spike frequency
edaptation. £ and 0, Computer simutation of data in A and B in singte neuron. Injection
of 8 curent puise resitts in & trein of four scton potentials followed by an AHP.
Each action potentis! sllows the entry of Ca?+ into the cell, which activates the Ca+-
sctiveted K+ current /,, (bottom tracs). Reducing /e to 0 resulis o block of spike
frequency adaptation and the siow AHP. A and 8 ars from McCormick and Wiiamson
{1889).

Their rate of generation slows down markedly with
time in a process known as spike frequency adaptation
(Fig. 24). Spike frequency adaptation results from the
activation of a variety of ionic currents, although the
most important is a K* current activated by the entry
of Ca?* into the cell during each action potential
(Pennefather et al., 1985; reviewed in Storm, 1990).
The persistent nature of this K+ current results in the
generation of an hyperpolarization following the ces-
sation of the depolarizing input, a phenomenon known
as an afterhyperpolarization, or AHP for short (Fig.
24). Activation of muscarinic, 8-adrenergic, seroto-
ninergic, H,-histaminergic, and glutamate metabo-
tropic receptors results in reduction of I,,, in both
cortical and hippocampal pyramidal cells (Andrade
et al., 1986; Andrade and Nicoll, 1987; Schwindt et
al., 1988; McCormick and Williamson, 1989; reviewed
by Nicoll et al., 1990; McCormick, 1992). This reduc-
ton in I,,, results in a marked enhancement of the
response of the cell to the depolarizing current pulse
(compare Fig. 24,B). Computer simulation of the
functional effects of I,,;, on neuronal firing illustrates
one possible time course of this K* current during
the generation of neuronal activity (Fig. 2C, D). Since
I, is not activated by hyperpolarization, block of this
current does not have any effect on the response of
an inactive cell to hyperpolarization. In this manner,
reduction of /,,;, may serve to enhance selectively the
response of cortical pyramidal cells to trains of EPSPs.

The second messenger systems involved in the
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Figure 3. Block of the M-curmen: sefectively anhances depolarizing inputs. A and B,
Activation of muscarinic receptors on 8 guinea pig cortical pyramidal cell enhances
the responsa of the cell to & depolariring current puise such thet it generates an action
potential {B). In contrast, thera = no effact on the response to a hyperpolarzing
current pulss {A). £ and 0, Computer simulstion of the data in A and 8. Depolarization
of the cefl from — 75 mV resufts in activation of the outward K+ current, the M-current
(D, bortom wraces), which subsequently keeps the cell from reaching firing threshoid.
Block of the M-current results in the depolsrizing input bacoming suprattveshold (D,
No M-curren), but does not sftect the respanss to hyperpolarizing inputs since these
do not activate 4, {C). £and £, Vottags dependence of the M-current in human cortical
pyramadal calls. £, Current-voitage plot befora (comrol) and after (MCh) sctivation of
muscarinic raceptors iustrates the merked voltage dependence of this cument. £,
Subsraction of the control /-V piot from that after sctivation of muscarini receptors.
At membrane potentisis negative to — 75 mV, the curment is not active. Dapolarization
positive 1o —75 mY progressively ectvates 4, (upward movement of current sway
from 0. A and B are from McCormick and Prince {1886); £ and £ are from McCormick
and Williamson (1889).

neurotransmitter suppression of /,,,; have not yet been
completely detailed. In hippocampal pyramidal cells,
two different pathways have been implicated. Both
the activation of protein kinase C with phorbol esters
as well as enhancement or mimicry of cAMP-depen-
dent processes strongly block I, (Baraban et al.,
1985; Madison and Nicoll, 1986b; Malenka et al., 1986).
Receptors that are known to stimulate adenylyl cy-
clase (e.g., f-adrenergic, H,-histaminergic, some se-
rotoninergic) may use this second messenger to block
L. Receptors that do not stimulate adenylyl cyclase
(e.g., muscarinic) may block 1, through stimulation
of protein kinase C.

Reduction of 1,
The M-current is a voltage- and time-dependent K*
current that is activated by depolarization (see review






