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Muscarinic Cholinergic Receptors in Human Infant Forebrain: [3H]Quinuclidinyl
Benzilate Binding in Homogenates and Quantitative Autoradiography in Sections
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The ontogeny of muscarinic receptors in human brain was studied by comparing [*H]quinuclidiny! benzilate ([3HJQNB) binding in
postmortem tissue from infants 1 week to 3 months of age with binding in adult specimens. Saturation analysis with [3SH]JONB and dis-
placement studies with muscarinic antagonists and agonists in tissue homogenates demonstrated that binding sites in the infants’ fore-
brain regions were present in adult or higher than adult concentrations (B,,,,). Binding affinity (X,) and pharmacological characteris-
tics were nearly identical at the two ages. Quantitative receptor autoradiography demonstrated more [3H)QNB binding in the gray
matter of infants than adults and revealed a marked difference between the two ages in the laminar distribution of binding sites in neo-
cortex. In contrast to the adult pattern with higher binding in superficial layers 13 than in layers 46, the distribution in the immature
cortex was inverted. These results suggest that muscarinic receptors in infants resemble closely those in mature brain. However, the
topography of receptors in the immature neocortex is distinct and they are redistributed in a gradient from inside outward during post-

natal development.

INTRODUCTION

Acetylcholine neurotransmitter pathways are in-
volved in a variety of brain functions, including con-
trol of movement, maintenance of consciousness,
learning and memory. Developmental studies of ro-
dent brain and more limited data from human post-
mortem tissue indicate that maturation of biochemic-
al markers for cholinergic pathways lags behind other
systems such as catecholamine neurons411.18, In neo-
cortex from rats and humans, the activity of the ace-
tylcholine synthetic enzyme, choline acetyltransfer-
ase (ChAT), rises slowly to adult levels over an ex-
tended period postnatally?. This time course corre-
sponds to the gradual postnatal acquisition of several
motor and cognitive behaviors thought to be me-
diated by cholinergic neurotransmission518, These
events are also accompanied by reorganization of
cholinergic neurocircuitry in developing brain. For
example, in humans, acetylcholinesterase containing

islands are prominent in the infant corpus striatum
but adults have a more homogeneous pattern!s. Neo-
natal rat somatosensory cortex contains dense fibers
staining for acetylcholinesterase in layer IV which
disappear by 3 weeks of age?2. Muscarinic receptors
are also relatively concentrated in layer I'V of 1 week
old rat pups and receptors in layer [ become apparent
at later times to form the adult pattern23. Therefore,
maturation of brain cholinergic innervation, both in
terms of addition of nerve fibers and receptors and
their reorganization into adult circuits, appears to be
an important feature of postnatal brain development.

To examine the development of cholinergic neuro-
circuitry in human brain, we studied the binding char-
acteristics of the muscarinic antagonist [*H]quinucli-
dinyl benzilate ([3H]JQNB) in postmortem tissue
from infants less than 3 months of age and compared
them to brain from adults. The distribution and rela-
tive density of muscarinic binding sites was deter-
mined using quantitative in vitro autoradiography on
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frozen brain sections. These results were compared
to analyses of [3H]JQNB binding to homogenates of
tissue from the same brain specimens sampled in
areas adjacent to the frozen sections. The results
demonstrate that muscarinic receptor binding affini-
ties and pharmacologic characteristics are similar at
the extremes of age. However, the density of
|3H]QONB binding in infants generally exceeds that in
adults. Furthermore, the neocortical laminar recep-
tor distribution found in the perinatal period is
markedly different from the adult pattern, suggesting
that cholinergic neurocircuitry is reorganized during
postnatal development.

MATERIALS AND METHODS

Postmortem tissue was obtained from the Patholo-
gy Department after removal at autopsy. The 5 in-
fants ranged in age from 1 week to 3 months, and
they died suddenly from congenital heart disease in 4
cases (aortic arch anomalies in 3 and vetricular septal
defect in a fourth) and pulmonary insufficiency in
one. All had short periods of hypoxemia prior to
death but none had clinical evidence of significant
brain hypoxia-ischemia and routine neuropatholog-
ical examinations were unremarkable. None of the
infants had apparent chromosomal anomalies. The 5
adults ranged in age from 55 to 74 years (mean = 56
years, S.D. = 18). All died suddenly, 4 of outpatient
cardiac arrests and one during coronary bypass sur-
gery. None had neurological diagnoses and routine
neuropathological exams were normal. Brains were
removed, cut into coronal slices approximately 2 cm
thick, quick frozen on a glass plate on dry ice and
stored frozen at —70 °C within 3-24 h after death.

Saturation analysis of [2H]JQNB binding as well as
comparison of regional differences in maximal ligand
binding and pharmacologic displacement studies
were performed in homogenates of tissue adjacent to
blocks used for autoradiography. Pieces of frozen
gray matter were dissected so as to exclude major
areas of white matter and homogenized 1:200
(wt/vol) by sonication in 50 mM Tris buffer, pH 7.7,
at 4 °C. The homogenate was centrifuged at 48,000 g
for 10 min, the supernatant was discarded and the
pellet was resuspended in the same volume of buffer.
Aliquots containing 1 mg of tissue were added to
tubes, brought to a final volume of 4 ml of buffer and

incubated for 1 h at 37 °C along with various concen-
trations (0.02-1 nM) of [3SH]QNB (29 Ci/mmol, New
England Nuclear). Specific binding was determined
in duplicate or triplicate as the difference between ra-
dioactivity bound in the presence or absence of 2 mM
oxotremorine or 10-4 atropine, which gave identical
results. For drug displacement studies, the compe-
ting muscarinic agonist or antagonist drugs (pur-
chased from Sigma, St. Louis, MO) were added to
the incubation mixture at the same time as the
[BHJONB (0.3 nM) at a range of concentrations
shown in the results. The incubation was terminated
quickly by filtration of the suspension through GF/B
(Whatman) glass fiber filters under vacuum. The fil-
ters were washed 4 times with 4 ml aliquots of the ice
cold buffer, dried and placed in vials with ACS
(Amersham) liquid scintillation fluid and trapped ra-
dioactivity was counted by liquid scintillation spec-
trometry. Protein was determined using the BioRad
assay?.

For data analysis, maximal binding capacity (B,,,)
and receptor affinity (K,) were calculated using least
squares regression analysis of Eadie—Hofstee plots
of saturation isotherms. Displacement data for agon-
ist or antagonists were analyzed using a computer
program to perform least squares fit of the data to a
one or two site model?. Inhibitory concentrations
that displaced 50% of the maximal binding (I1Csys)
were determined from log—logit plots.

The autoradiographic procedures were done by
methods developed previously3!-34. The entire
blocks of tissue were placed in a Lipshaw 1800N cryo-
stat to equilibrate at —20 °C and 30 um frozen coronal
sections of half or whole brain were cut and thaw
mounted on gelatin-coated 3.25 X 4 in. lantern
slides. For one of the infant specimens, tissue for ex-
amination was limited to smaller blocks of frontal,
temporal and parietal cortex cut in the coronal plane.
The glass mounted tissue sections were then brought
to room temperature and immersed in 3 sequential 5-
min washes with Dulbecco’s phosphate buffered sa-
line, pH 7.4. Then they were placed in a bath con-
taining a saturating concentration of [3H]JQNB
(1.4 nM) in the same buffers at 25 °C for 3 h. After in-
cubation, the mounted sections were placed in two
ice cold (4 °C) 5 min washes of buffer, then blown dry
with a cooled stream of air. The sections and stand-
ards containing known amounts of radioactivity were



placed in contact with the emulsion of tritium sensi-
tive film (Ultrofilm-3H, LKB) in an X-ray cassette
and placed at 4 °C for 7-10 days exposure. The auto-
radiograms were developed for 5 min in D-19 devel-
oper (Kodak) at 20 °C. Binding of tritiated muscarin-
ic antagonist in regions 0.5 X 0.5 mm was determined
using a computerized spot densitometer to compare
the film density to the standards3!. Non-specific bind-
ing (less than 5% of total for infants and adults) was
subtracted from each image and this was measured as
binding in the presence of 10-4 M atropine.

After the films were developed, the sections were
fixed over paraformaldehyde vapors at 60 °C for 4 h
and then stained with cresyl violet. The developed
film was then reoriented over the section. Section
and film were examined under a dissecting micro-
scope to determine the exact cortical areas from
which measurements had been made.

RESULTS

Receptor binding in brain homogenates

To compare the maximal binding capacity (B.y)
and affinity constants (K,)) in infants and adults, satu-
ration analysis was performed on multiple regions of
a single neonate and adult in the same assay. Addi-
tional brains were analyzed at a single saturating li-
gand concentration to measure B, (Table I). Fig. 1
shows Eadie—Hofstee plots of a representative satu-
ration binding study comparing adult and infant fron-
tal cortex. Both plots are linear (2 = —0.95) and the
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Fig. 1. Eadie-Hofstee plot of a representative [SH]QNB satu-

ration experiment comparing parietal cortex from a neonatal
and adult human brain, performed as described in Methods.

B, in infant brain exceeded that of the adult by
50% (47.5 pmol/g vs 32 pmol/g) while the K, is some-
what lower in the infant than the adult (24 pM vs 32
PM).

Comparing the 3 infants and adults directly, the
mean values for infants exceeded adult values in the 4
cortical regions by 6-43%, though this difference
was not significant using Student’s rtest. B,,s in all
cortical regions at the same age were similar while
binding in caudate nucleus in one subject was two-
fold higher than cortex. The equilibrium affinity con-
stants were quite similar at the two ages and in parie-
tal and temporal cortex the K s differed by less than
13%.

The pharmacological characteristics of [*HJQNB

Regional PH]QNB binding characteristics in homogenates of human cerebral cortex

Values are means + S.E.M.; n = number of brains. Some assays were carried out using 9 concentrations of [3H)JQNB and 1 mg of tis-
sue as described in Methods to determine B, and K, from Eadie-Hofstee plots of saturation analyses. The K, measurements in neo-
natal and adult parietal cortex are based on 6 and 2 separate saturation analyses, respectively. In others, a saturating (0.3 nM) concen-
tration of [PH]QNB was used to determine B, alone. Tissue from adult and infant brains was generally assayed together on the same
day. B, values are expressed per gram of tissue (wet weight); mean values per gram of protein for frontal cortex are 716 pmol/g pro-
tein for infants and 413 pmol/g protein for adult cortex. The higher K, value for caudate was derived from an experiment with 2 mg of
tissue; the apparent K, for [*H]JQNB has been shown to relate directly to the receptor concentration in the assay. Analogous gyri from

brains at both ages were assayed.

Region B, (pmol-g~1) K, (pM)

(n) Infant (n) Adult % (n) Infant (n Adult
Frontal lobe 3) 43+ 4 3) 306 -30 1) 23 (03] 32
Parietal lobe 3) 36+6 3) 25+5 -31 3) 23+4 3) 26+ 6
Temporal lobe 3) 37+4 2) 35+8 -5 1) 24 (1) 25
Occipital lobe (6] 57 2) 4513 -21 © - (0) -
Caudate (1) 101 ) - ) 69 (0) -
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TABLE II

Concentrations of agonists and antagonists that displaced 50%
of PHJQNB bound to homogenates of human cerebral cortex

Values were derived from log-logit plots of data from expert-
ments in which various concentrations of displacers were incu-
bated together with 1 mg of cerebral cortex and 0.3 nM
[*H]ONB as described in Methods. The results for adult cortex
closely resemble our data from rat cortex (carbamylcholine 1 X
10-4; oxotremorine 1.5 x 10-%; atropine 2.0 X 10-%) and values
from human adult cerebral cortex previously reported? 101237,

Displacer Infants ICs (M) Adults 1Cs, (M)
Atropine 2.5 x 10~ 32 x10-°
Scopolamine 3.6 x 10-10 9.1 x 10~
Pilocarpine 1.7 x 10-3 2.7 x 103
Oxotremorine 3.0 x 10-¢ 1.1 x 10-6
Carbamylcholine 1.1 x 10-4 2.1 x 104

binding at the two ages were studied by displacement
experiments with the antagonists, scopolamine and
‘atropine, with a mixed agonist, pilocarpine and with
the muscarinic agonists oxotremorine and carbachol
(Table II, Fig. 2). The agonist and antagonist dis-
placement curves in cortex from infants and adults
were quite similar. Displacement curves for atropine
(Fig. 2) and scopolamine (Table II) were nearly per-
fectly sigmoidal, consistent with binding to a single
population of receptors. The curve for pilocarpine
(Fig. 2) did not appear perfectly sigmoidal but the
computer derived Hill coefficients (1.0 for adult and
0.93 for the infant) were close to unity and the com-

puter program indicated that the data fit best to a one
site model. In contrast, the Hill coefficients for dis-
placement of [PHJQNB binding by oxotremorine and
carbachol were considerably less than unity and the
plots deviated markedly from sigmoidal shape. The
non-linear curve fitting program fit the data to a two
site model (Fig. 2). For carbachol, the Hill coefti-
cient for the displacement curve was 0.42 + 0.1 for
adults and 0.54 * 0.03 for the infant. Carbachol dis-
placed 46% of [3H]QNB from a high affinity (K; =
1.4 x 10-6 M) site and 54% from a site with an appar-
ent affinity constant of 4 X 10-4in adult brain. In the
infant the distribution was nearly identical (Fig. 4)
oxotremorine displaced 67% of the [BH]JQNB from a
‘low’ affinity site in adult cortex (K; = 4 x 10-¢ M)
and 33% from a site with an apparent affinity of
2 x 10-8 M. The data from infants resembled closely
that from adults.

Quantitative [FH]QNB autoradiography

Since the binding data from homogenates indi-
cated that [PH]JQNB binds to similar receptor site
populations in infants and adults, we analyzed the
distribution and quantity of these sites in more detail
using quantitative autoradiography. Because of the
very high affinity (approximately 25 pM) of the
[3H]QNB site, relatively large incubation volumes
would be needed to perform saturation analysis un-
der proper conditions (i.e. with a low (< 10%) per-
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Fig. 2. Displacement of [*HJQNB binding to human cerebral cortex by atropine, pilocarpine and carbamylcholine. as described in
Methods and Table II. In contrast to displacement with antagonists, the data for carbamylcholine fit best to a two site model as de-

scribed in Results.
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Fig. 3. [PH]QNB binding to coronal sections of human cerebral hemispheres. A: 3-month infant. B: 60-year-old male. Binding is high-
est in the caudate nucleus (c) and putamen (p) of both adult and infant. High binding is also present in outer cortical layers of the adult,
layer 4 of the infant, dorsal medial (d), anterior (a) (adult), and ventral lateral (v) (infant), thalamic nuclei, subthalamic nucleus (s)
(infant) and stratum oriens of hippocampus (hp). Differences in the prominence of the thalamic nuclei in these specimens are due to
differences in the level of sectioning and no major age related changes were apparent. Details of cortical binding from the areas in
boxes are shown in Fig. 4. Abbreviations: i, insula; g, globus pallidum. Films were exposed to [3H]JQNB containing sections for 10 days

at 4 °C. Scale bar = 1 cm. Part B is reproduced from ref. 33.

centage of total [3BHJQNB bound). Because of this
consideration and the limited tissue available for
analysis, binding was determined in the presence of a
single saturating concentration of [3H]QNB. Five in-
fant and adult brains were available for analysis and a
representative comparison is shown in Fig. 3. The
major feature obvious from gross inspection is that
the relatively dense binding in superficial layers of
most regions of adult neocortex is much less apparent
in the infants. However, one cortical region which
does resemble the adult more closely is insular cor-
tex. Dense binding is also present in the caudate and

putamen and in the infant, it appears more concen-
trated than in the adult. The general features seen in
the infant brain shown in Fig. 3 were duplicated in all
the specimens we examined. There was no correla-
tion between the mode of death and any alterations
in the pattern of binding. Preliminary studies of one
infant with pulmonary hypoplasia indicated that
binding was lower in neonatal cortex but the autora-
diographic pattern was the same as the other neo-
nates0,

Densitometric measurements of [3HJQNB bound
to several regions of the human brain are shown in
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Adult

Fig. 4. Details of cortical binding from the boxed areas in
Fig. 3. Arrows point to layer 2. Scale bar = I mm.

Table I11. As in the homogenate studies, there were
fewer muscarinic binding sites in adult than in infant
but greater differences between the two ages were
measured on autoradiograms than in homogenates.
The autoradiograms demonstrated [2H]JONB binding
in regions of the adult brains that was 49-85% lower
than analogous regions in infants and the group re-
gional differences were almost all statistically signifi-
cant. Overall, the absolute B,,,s calculated from the

TABLE III

autoradiographic data were 3-5 times those calcu-
lated from the homogenate binding.

The densitometric data also confirmed that the
normal adult laminar distribution pattern (higher in
superficial layers than in deeper layers) was reversed
in the neonates. The ratio of binding in layer 1/layer 4
was 0.92, 0.87 and 0.83 in frontal, temporal and insu-
lar cortex respectively compared with ratios greater
than 1 in adults. Fig. 4 demonstrates this inversion in
an enlarged photograph of portions of neocortex
shown in Fig. 3. Both inspection and quantitative
densitometry are in agreement in demonstrating that
the adult pattern develops postnatally from an infan-
tile ‘inside layer greater than outside’ pattern. Fur-
thermore, this reorganization occurs in association
with an overall developmental decrease in muscarin-
ic receptor density.

DISCUSSION

The results of [PH]JQNB binding experiments in tis-
sue homogenates suggest that muscarinic receptors
in cerebral cortex from human adults and young in-
fants share very similar characteristics. Our results
for receptor density and binding affinity are quite

Regional distribution of [PHJQNB binding determined from autoradiograms of human brain

Values are mean % S.E.M. of B_,,s from the number of brains in parentheses. The B, from each region was based on the means of 8
densitometer readings and converted to quantities of [PHJQNB using standards as described in Methods. ‘Layer 1 is the most superfi-
cial 1 mm of cortex and ‘layer 4’ is a 1 mm area including layer 4 based on comparison with Nissl staining of autoradiogram sections.
The autoradiograms were prepared at a saturating concentration (1.4 nM) of [PH]QNB. P-value denotes results of comparison using

Student’s ¢-test.

Specific binding at saturation (pmollg tissue)

(n) Infants

(n) Adults A% P<
Frontal cortex, layer 1 (4) 212+ 44 4) 99+ 10 -53 0.05
Frontal cortex, layer 4 (4) 230 + 48 (4) 68+ 5 -70 0.02
L,/L, ratio 0.92 1.45
Temporal cortex, layer 1 ) 215+ 120 5) 109+ 44 -49 0.1
Temporal cortex, layer 4 (5) 245 + 120 (5) 98 = 45 -60 0.05
L,/L, ratio 0.87 1.11
Insular cortex, layer 1 (3) 220 £ 50 4) 95+ 15 -57 0.05
Insular cortex, layer 4 (3) 263 + 60 C)] 87+ 17 -67 0.05
L,/L, ratio 0.83 1.09
Caudate n. 2 33193 3) 128 + 39 -61 0.1
Lateral G.P. (2) 8235 “4) 142 -83 0.05
Medial G.P. (2) 89 + 51 4) 16 + 3 -82 0.1
N. basalis (1 188 4) 285 -85




close to those reported previously for adult human
and infant brain4.10.1237, Brooksbank et al.4 reported
that the adult values for B,, for [SH]QNB binding
was 18% higher than for infants in the perinatal peri-
od (40.3 £ 7, n = 5) while our results found adult cor-
tex to be 5-30% lower than infants. However, nei-
ther difference was statistically significant. The sta-
bility of muscarinic receptors in postmortem adult
brain frozen after storage at 4 °C for up to 53 h has
been established?. It is possible that the values for
neonatal brain underestimate binding in fresh tissue.
In neonatal rodents, freezing reduced apparent
[3H]JQNB sites by 33% compared to fresh tissue but
the same treatment reduced binding in adult tissue by
only 11%725. The possible effect of perinatal events on
muscarinic receptors is not clear from the studies.

In contrast to the linear Eadie-Hofstee plots
found in [3H]QNB saturation binding experiments,
muscarinic agonists appear to bind in a non-linear
fashion to several populations of receptors!.2.16.39,
Displacement of [SHJQNB with muscarinic agonists
typically are not sigmoidal and Hill coefficients
plotted from such experiments are significantly lower
than unity. Antagonist and agonist competition ex-
periments with homogenates of human brain con-
firmed these observations and demonstrated similar
receptor characteristics at the extremes of age. In
contrast to sigmoidal displacement of [3H]QNB by
atropine and scopolamine, carbachol displaced the
antagonist ligand over several orders of magnitude
with Hill coefficients in the adult of 0.42 and the in-
fant of 0.54. The non-linear curve-fitting computer
program fit data from both infants and adults to a
two-site model in which half the sites are low affinity
with an apparent K; of approximately 10-4 M and half
are high affinity with an affinity constant of 10-6 M.
These results are similar to those for adult rat neocor-
tex?7 (Silverstein and Johnston, unpublished results).
In another study of adult human brain, carbachol dis-
placement revealed apparent sites with affinities of
3-42 X 10-¢ M and 7-13 x 10-4 M with 75% lower
affinity sites37. In contrast to newborn rodents, in
which there is postnatal acquisition of the population
of high affinity muscarinic sites?, very young human
infants appear to have developed high affinity sites at
birth.

Quantitative receptor autoradiography using
emulsion and tritium-sensitive film has been de-
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scribed for [3H]JONB and other neurotransmitter li-
gands and provides a higher level of resolution than is
possible  with  homogenate  binding  stud-
ies13.21,23,.26,30,34.35,38.39 Direct comparison of quanti-
tative autoradiographic data and homogenate bind-
ing demonstrated consistent, significant absolute dif-
ferences between the two methods. The B,,,, and ap-
parent K; are generally considerably higher when de-
rived from autoradiograms than from homogen-
ates!3:31, This disparity may be due in part to the abil-
ity of autoradiography to resolve small regions of
high receptor density which are averaged with low
density areas (e.g. white matter) in homogenates.
B,,.,s from the autoradiograms from the human tis-
sue were 2—4 X higher than results from homogenate
data and the differences between the adults and in-
fants were greater and statistically significant in the
autoradiograms. The autoradiographic data are in
agreement with the trend suggested by the homogen-
ate results indicating that infants have a higher mus-
carinic receptor density than adults in both cortical
and subcortical regions. The higher receptor site den-
sity in infants may have several possible explana-
tions. Muscarinic receptors may be generated in
higher than adult densities in anticipation of the ex-
pansion of axo-dendritic connections that occurs in
childhood®7. It is possible also that the higher density
is correlated with the relatively high synaptic density
found in the infant’s cerebral cortex and some prun-
ing occurs later on!4.17_ It is noteworthy that we have
also found higher than adult concentrations of bind-
ing sites for [3H]muscimol, a GABAergic agonist and
[*H]flunitrazepam in these same specimens
(Johnston, Penney and Young, unpublished obser-
vations). An ‘overshoot’ also occurs in the concentra-
tions of the GABA synthetic enzyme L-glutamate de-
carboxylase in human neonatal brain and in [3H]-
GABA uptake in developing rats8.11. However, our
human data for muscarinic receptors is distinctly dif-
ferent from the pattern reported for rats, which
shows a steady rise in postnatal life9.25.36,

The most striking developmental difference in
muscarinic receptors between ages is seen in the au-
toradiograms of the cerebral cortex. In adults, musca-
rinic receptor binding is relatively dense in superficial
layers I-III, and acetylcholinesterase positive fibers
are also relatively dense there!.22. In contrast, layer
IV of infant rodents and humans contains an early,
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dense innervation with acetylcholinesterase fi-
bers23.24, This region also contains a relatively high
concentration of synapses in the immature cortex2s.
Our results indicate that layers IV-VI in the human
infant are denser than more superficial layers. The
inversion of the adult pattern of muscarinic binding in
the infants is quantifiable from the autoradiograms
using the ratio of binding in layer 1:layer 4 which is
less than unity in infant cortical areas and greater
than 1 in adults. Prominent muscarinic receptor bind-
ing in layer 4 with reduced superficial receptors has
been observed in infant rat somatosensory cortex?3.
The human neonatal cortex seems to acquire musca-
rinic receptors from inside outward, in a fashion re-
sembling the pattern for maturation of axo-dendritic
connections’. The detailed localization of these re-
ceptors, their relationship to synaptogenesis and
functional importance in infancy remain to be estab-
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