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Cholinergic Switching Within
Neocortical Inhibitory
Networks

Zixiu Xiang, John R. Huguenard, David A. Prince*

Differential actions of acetylcholine on the excitability of two subtypes of
interneurons in layer V of the rat visual cortex were examined. Acetylcholine
excited low-threshold spike (LTS) cells through nicotinic receptors, whereas it
elicited hyperpolarization in fast spiking (FS) cells through muscarinic receptors.
Axons of LTS cells were mainly distributed vertically to upper layers, and those
of FS cells were primarily confined to layer V. Thus, cortical cholinergic acti-
vation may reduce some forms of intralaminar inhibition, promote intraco-
lumnar inhibition, and change the direction of information flow within cortical

circuits.

The functional relations between inhibitory
and excitatory networks in the neocortex and
the modulation of cortical network dynamics
by neurotransmitters and peptides (/) are im-
portant to our understanding of the physio-
logical basis of complex cortical information
processing. Different neurotransmitters inter-
act with a variety of receptors whose activa-
tion can produce different effects on the ex-
citability of a diverse group of cortical neu-
rons. Predictions of how activation of a given
ascending transmitter system affects the flow
of information in cortical circuits require in-
tegration of data regarding its mode of action
at different receptors located on specific sub-
groups of neurons, which in turn have partic-
ular postsynaptic actions and connections in
the cortical circuit. Cholinergic activation of
subsets of cortical interneurons containing
the inhibitory neurotransmitter y-aminobu-
tyric acid (GABA) provides a case in point.

Cholinergic systems are implicated in sev-
eral important brain functions, including cor-
tical arousal, sleep-wake cycles, visual infor-
mation processing, learning, memory, and
other cognitive functions (2). The dementia
of Alzheimer’s disease and Parkinson’s dis-
ease has also been associated, at least in part,
with loss of cortical cholinergic innervation
(3). Detailed information about the effects of
cholinergic innervation on the operation of
cortical circuits is needed to understand the
cellular mechanisms underlying these behav-
ioral and cognitive effects. Neurons in the
cerebral cortex have nicotinic as well as mus-
carinic cholinergic receptors and receive rich
cholinergic afferents that arise mainly from
groups of neurons located in the basal fore-
brain, terminate very densely in layer V, and
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make synapses onto pyramidal cells as well as
interneurons (4). Neocortical GABA-contain-
ing interneurons are highly variable in morphol-
ogy, spike-firing properties, and immunocyto-
chemical reactivity (5—7). In layer V, there are
several subtypes of electrophysiologically dis-
tinct interneurons, with low-threshold spike
(LTS) and fast spiking (FS) cells being the most
common (8). Different interneuronal types have
distinct intracortical innervation pattems; for
example, the axons of FS interneurons in layer
V tend to be distributed more horizontally (in-
tralaminar), whereas LTS cells have more ver-
tical (intracolumnar) axonal arborizations (7, §).
Cholinergic input might thus preferentially af-
fect the behavior of particular subtypes of in-
hibitory interneurons through different recep-
tors. We tested this hypothesis by examining
acetylcholine (ACh) actions on LTS and FS
cells.
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Interneurons were visualized and recorded
in brain slices from rat visual cortex, with
whole-cell recording techniques (9). ACh
was locally applied through a “puffer” pi-
pette, and neuronal responses were recorded
and analyzed (/0). Biocytin was included in
the patch electrode recording solution so that
cell morphology and axonal arborizations
could be subsequently reconstructed (117).

Layer V LTS cells displayed characteris-
tic low-threshold spikes that could be elicited
by a small depolarizing current pulse from a
hyperpolarized membrane potential (—80
mV) (Fig. 1A, left). An initial spike burst
followed by a train of spikes could be elicited
when a larger depolarizing current step was
applied (Fig. 1A, left) (8, 12). FS cells in
layer V exhibited distinctly different spike-
firing properties, such that superthreshold de-
polarizing current pulses elicited trains of
spikes with little frequency adaptation (Fig.
1A, right) (8, 12, 13). Twenty-one interneu-
rons were characterized as LTS cells and
filled with biocytin, of which five had well-
stained soma, dendrites, and axonal arbors.
Four of eighteen biocytin-labeled FS inter-
neurons were fairly completely filled. We
reconstructed the morphology of these nine
cells using a camera lucida. The axonal ar-
borizations of LTS cells tended to be distrib-
uted vertically to upper layers (Fig. 1B, left),
whereas axonal arbors of FS cells tended to
be horizontally distributed and mainly con-
fined to layer V (Fig. 1B, right) (§). Laminar
analysis of axonal distribution revealed that
the total length of axonal arbors in layer V
was significantly greater in FS cells than in
LTS cells and that LTS cells had more axonal
arbors in upper layers than FS cells (Fig. 1C).

Local application of ACh evoked different

Fig. 1. Electrophysio-
logical and morpholog-
ical characterization of
LTS and FS cells in layer
V of visual cortex. (A)
Current clamp record-
ings from an LTS cell at
membrane potential of
—80 mV (left) and an
FS cell at —63 mV
(right) during injection
of depolarizing current
pulses of two intensi-
ties. (B) Camera lucida
drawings of the bio-
cytin-filled LTS cell (left) and FS cell (right). Black
lines, somata and dendrites; red lines, axonal branch-
es. Roman numbers indicate cortical laminae. Axonal
branches were distributed to upper layers (1l/Ill and
IV) in the left panel and predominantly horizontally
within layer V in the right panel. (C) Laminar analysis
of axonal distribution showing the total length of
axonal branches in a series of horizontal 50-pm
strips through different laminae. @, LTS cells (n = 5);
O, FS cells (n = 4). The middle of layer V was set as
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zero in the y axis. Arrows indicate the borders of layer V. Arrowheads indicate the directions of pial
surface (pia) and white matter (WM). *, P < 0.05; **, P < 0.005.
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responses in the two interneuronal subtypes.
ACh elicited depolarizing responses in LTS
cells (» = 10) (Fig. 2A, middle). Depolariza-
tions were sometimes large enough to bring the
membrane potential to the spike threshold and
cause a quiescent cell to fire action potentials
(Fig. 2A, middle). These actions were blocked
by the nicotinic receptor antagonist, hexame-
thonium (# = 5) (Fig. 2A, bottom). In contrast,

Fig. 2. Typical ACh actions on

LTS (A) and FS (B) cells. (A and B,

top) Current clamp recording A
from an LTS cell (A) and an FS
cell (B) in layer V during injection
of a depolarizing current pulse,
illustrating their spike-firing prop-
erties. (A) Local application of ACh
(5 mM at 40 kPa for 40 ms) de-
polarized the membrane potential
of the LTS cell (middle). This effect
was antagonized by hexamethoni-
um, a nicotinic receptor antago- Tm-{'
nist (bottom). Arrowheads indi- y

cate the time at which ACh was
applied. (B) Application of ACh (5
mM at 35 kPa for 80 ms) hyper-
polarized the membrane potential &
of the FS cell (middle), and this
action was blocked by a muscarin-
ic receptor antagonist, scopol-
amine (bottom). Downward fast
deflections in middle and bottom
panels of (A) and (B): voltage re-
sponses to hyperpolarizing current
pulses [SO pA for 200 ms at 1 Hz
in (A) and 100 pA for 640 ms at
0.5 Hz in (B)]. (C) Depolarizing ac-
tions of ACh on LTS cells persisted
in low-Ca** and high-Mg™* per-
fusate (top) or in the presence of
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ACh elicited membrane hyperpolarization in all
FS neurons that responded (eight of nine) (Fig.
2B, middle). Hyperpolarizations were blocked
by scopolamine (5 mM, local application), a
muscarinic receptor antagonist, in four of four
FS interneurons tested (Fig. 2B, bottom). These
differential actions of ACh on LTS versus FS
interneurons persisted after perfusion of various
solutions that blocked synaptic transmission

FS cells
B
_I%
T1mV e
64mV
& Tho TN
A 4s

Scopolamine

A

0.5mM Ca++!8mM Mg++

63mV

10mvV

5s

-61mV

10mv
%
mV

5s A 6s

iontropic glutamatergic receptor antagonists, DNQX and D-CPPene, and a GABA, receptor antagonist,

bicuculline (bottom). (D) Hyperpolarizing actions of ACh on FS cells remained in low-Ca**

and

high-Mg™** perfusate (top) or in the presence of the glutamatergic receptor antagonists and the GABA,,
receptor antagonist (bottom). Arrowheads indicate the time of ACh application. Downward fast
deflections: voltage responses to hyperpolarizing current pulses (100 pA for 640 ms at 0.5 Hz). The four

panels in (C) and (D) were from four different cells.

Fig. 3. ACh application
elicited an inward current
in LTS cells and an out-
ward current in FS cells,
both of which were asso-
ciated with an increase in
conductance but with dif-
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(left) and an outward current in the FS cell (right). The rapid downward deflections are current
responses to voltage ramps. Arrowheads indicate the time of ACh application with a pressure pulse

(left, 200 ms and 35 kPa; right, 100 ms and 25 kPa). £,

is about —26.6 mV for the LTS cell and

—92.1 mV for the FS cell. (B) Current versus voltage plots of the LTS cell (left) and FS cell (right)
during the hyperpolarizing voltage ramps in control and after ACh application as indicated. Each
trace is the mean of 2 to 10 sweeps. (C) Subtraction of the two current responses, control and ACh,

in (B) (Af = I, — |

control/*

(Fig. 2, C and D) (14). Thus, ACh acted directly
on the intemeuronal postsynaptic cholinergic
receptors.

To investigate possible ionic mechanisms
underlying the differential effects of ACh on
LTS and FS cells, we obtained recordings
under voltage clamp during application of
voltage ramp commands. ACh induced a
slow inward current in LTS cells that was
associated with an increase in membrane con-
ductance, as indicated by increases in the
amplitude of brief downward deflections in
response to voltage ramp commands (Fig.
3A, left). In contrast, application of ACh
elicited a slow outward current in FS cells
that was also accompanied by an increase in
membrane conductance (Fig. 3A, right). The
reversal potential (£ ) for ACh-induced
conductance changes in FS interneurons was
—-96.1 £ 50 mV (n = 6), close to the
calculated potassium equilibrium potential of
—100 mV. The E_, potentials for the nico-
tinic action on LTS had a mean value of
=231 *79mV (n = 5).

Axons of FS cells project primarily to
perisomatic areas of layer V pyramidal neu-
rons, and LTS cells have more axonal arbors
than FS cells in distal dendritic regions (Fig.
1) (8). Consistent with these anatomical ob-
servations and the expected electrotonic at-
tenuation of more distal synaptic events (15),
inhibitory currents generated in pyramidal
cells by LTS cells tended to be smaller and
have slower rise times than those originating
in FS cells (16). On the basis of the differ-
ential effects of ACh on excitability of LTS
cells compared with FS cells, cholinergic ex-
citation should alter the basic aspects of in-
hibition in layer V pyramidal cells. ACh
would increase the frequency of slow, small-
amplitude spontaneous inhibitory postsynap-
tic currents (sIPSCs) in the pyramidal cells by
exciting LTS cells and decrease the frequen-
cy of fast, larger amplitude events by inhib-
iting FS cells (/7). In six of seven recordings
from layer V pyramidal neurons, local “puff”
application of ACh caused the expected slow-
ing of rise times and attenuation of amplitude
of sIPSCs (for example, Fig. 4, A to D). In
these six neurons, sIPSC rise time was
0.85 = 0.02 ms in control, compared with
1.20 * 0.03 ms in ACh (P < 0.0001) and
0.89 * 0.02 ms after washout (P > 0.3,
compared with control). Peak amplitude de-
creased from 39.6 = 1.1 pA in control to
31.6 = 0.7 pA (P < 0.0001) during ACh
exposure and returned to the control level of
40.0 = 1.1 pA (P > 0.5, washout compared
with control) (/8). ACh application did not
alter miniature sIPSCs recorded in the pres-
ence of TTX (Fig. 4, E and F), suggesting that
the effects on sIPSCs in our experiment were
due to the direct action on interneuronal ex-
citability, rather than modulation of either
presynaptic GABA release machinery or
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postsynaptic GABA , receptors.

Cortical layer V interneurons are diverse not
only in their electrophysiological firing proper-
ties and axonal arborizations but also in their
responsiveness to ACh. Nicotinic receptor-me-
diated cholinergic excitation of LTS cells was
probably mediated by an increase in a mixed
cation conductance, similar to that found during
nicotinic responses in neurons of other brain
regions (/9-21). In contrast, the muscarinic
inhibition of FS interneurons appeared to be
mediated by an increase in a potassium conduc-
tance, similar to that reported during muscarinic
hyperpolarization of other GABA-containing
neurons (20—22). Cholinergic excitation of cor-
tical interneurons has been attributed predomi-
nantly to activation of muscarinic receptors
(23-26). However, nicotinic excitation of
GABA-containing interneurons may also con-
tribute to cortical cholinergic inhibition (23,
27). In contrast to our results, bath application
of muscarine is reported to have no effects on
FS cells in rat frontal cortex (25). This discrep-
ancy could be due to different drug application
methods (puff versus bath) or to varieties in
cholinergic responsiveness of interneurons in
visual versus frontal cortex.

REPORTS

We have demonstrated a selective cortical
muscarinic disinhibition; that is, ACh hyper-
polarizes a specific type of inhibitory inter-
neuron, FS cells in layer V, resulting in dis-
inhibition of their pyramidal cell targets. Lay-
er V FS interneurons form functional syn-
apses on layer V pyramidal cells (6, 16).
Activation of the cortical cholinergic system
could thus reduce at least some forms of
intralaminar inhibition and, together with di-
rect muscarinic depolarization of layer V py-
ramidal cells (23, 24), increase pyramid-pyr-
amid recurrent excitation and enhance the
intralaminar transfer of information between
the cortical columns. Under pathophysiolog-
ical conditions, a consequence of these ac-
tions might be to decrease “surround” inhibi-
tion (28) and increase the lateral spread of
epileptiform discharge. By contrast, nicotinic
excitation of LTS cells whose axonal arbors
are distributed to upper layers (layers II/III
and even I) (Fig. 1) (8) would promote intra-
columnar inhibition and enhance the inhibi-
tory control of specific excitatory synaptic
inputs to the pyramidal cells. Differential
modulation of subgroups of inhibitory inter-
neurons by ascending cholinergic or other
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Fig. 4. Effects of local application of ACh on sIPSCs in layer V pyramidal cell. {A) sIPSCs recorded
at a holding potential of —70 mV in control, after a puff application of ACh (30 ms at 35 kPa) and
washout as indicated. Large-amplitude events (*) in control and washout were absent after ACh
application, whereas small events were prominent. (B) Average traces of consecutive, nonover-
lapped sIPSCs {45 to 80 events for each trace) in control (thick trace), during ACh exposure (thin
trace), and after washout (dotted trace). Traces were scaled to the same peak amplitude. The
calibration is 20 pA for control and washout and 13 pA for ACh. (C) Cumulative probability
distribution of 10 to 90% sIPSC rise times for 15-s epochs in control (64 events), ACh (103 events),
and washout (65 events). Mean sIPSC rise time was 0.81 = 0.05 ms in control, compared with
1.44 = 0.09 ms in ACh (P < 0.0001, K-S statistics) and 0.79 = 0.05 ms after washout (P > 0.5,
compared with control). (D) Cumulative probability distribution of sIPSC peak amplitude during the
same epochs as in (C). Mean peak amplitude was 40.9 * 3.7 pA in control, compared with 26.1 =
1.4 pA during exposure to ACh (P < 0.0001) and 39.2 = 3.2 pA after washout (P > 0.5, compared
with control). (E) Miniature sIPSCs (mIPSCs) recorded in the presence of 1 WM TTX from the same
cell as in (A) before and after a similar ACh application as in (A). (F) Bar graph summarizing mIPSC
frequency and peak amplitude before and after ACh application (15-s epoch each, n = 5).
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neurotransmitter systems thus provides a sub-
strate for fine control of information flow in
cortical networks.
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Neural Crest Specification
| Regulated by the
Helix-Loop-Helix Repressor 1d2

Brad ). Martinsen and Marianne Bronner-Fraser*

Vertebrate neural crest cells, derived from the neural folds, generate a variety
of tissues, such as cartilage, ganglia, and cranial (intramembranous) bone. The
chick homolog of the helix-loop-helix transcriptional regulator Id2 is expressed
in cranial but not trunk neural folds and subsequently in some migrating cranial
neural crest cells. Ectopic expression of Id2 with recombinant retroviruses
converted ectodermal cells to a neural crest fate, demonstrating that proper
regulation of Id2 is important for sustaining epidermal traits. In addition,
overexpression of Id2 resulted in overgrowth and premature neurogenesis of
the dorsal neural tube. These results suggest that Id2 may allocate ectodermal
precursors into neural rather than epidermal lineages.

Neural crest cells follow migratory pathways
and generate final cell types in accordance
with their original rostrocaudal position along
the axis (/, 2). Although both cranial and
trunk neural crest cells can form melanocytes,
glia, sensory neurons, and autonomic neurons
(3, 4), only cranial neural crest cells have the
ability to form cartilage and bone (2, 5). In
screening for transcripts that are selectively
expressed in cranial but not trunk neural folds
(6), we isolated the chick homolog of Id2 (7)
(Fig. 1, A and B). Id proteins (inhibitors of
DNA binding) are negative regulators of ba-
sic helix-loop-helix (bHLH) transcription
factors (7-10) that are involved in develop-
mental processes such as myogenesis (9, 1/—
13), neurogenesis (14, 15), bone morphogen-
esis (16), lymphopoiesis (/7), hematopoiesis
(18), myeloid differentiation (/9), and cell
growth (20-22). We show that 1d2 directs
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ectodermal precursor toward neural crest and
neurogenic fates. )

In situ hybridization revealed Id2 transcripts
in the most dorsal cranial neural fold region of
the presumptive brain (Fig. 2, A and B). The
caudal border of expression approximately cor-
responds to the midvagal region (Fig. 2, A and
C) at the rhombomere 7/8 boundary and is
maintained beyond stage 17. As neural crest
cells migrated out of the neural tube, Id2 was
expressed by a subpopulation of migrating cra-
nial neural crest cells at the midbrain level (Fig.
2D). Transverse sections show /d2 mRNA in
recently emigrated neural crest cells as they
move toward the branchial arches (Fig. 2E). At
later stages, Id2 was expressed in the region of
forming cranial ganglia, such as the ciliary and
trigeminal ganglia. Within the neural tube, ex-
pression became restricted to the alar plate in
stage 28 embryos. In addition to expression in
cranial neural fold derivatives, Id2 was ex-
pressed in the somites and subsequently in ver-
tebral cartilage.

We explored the functional importance of
Id2 in vivo by overexpressing it in the chick
embryo using retrovirally mediated gene trans-
fer with RCASBP (B) virus (replication-com-
petent avian leukemia virus LTR splice accep-
tor Bryan polymerase, subgroup B envelope
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