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To investigate changes in muscarinic receptor-stimu-
lated phospholipase C-B (PLC-B) activity during brain
development, we examined the functional coupling of
each of the three major protein components of the
phosphoinositide system (M4, M3, and Ms muscarinic
receptor subtypes; Gg/11 proteins; PLC-B4_4 isoforms)
in membrane preparations from post-mortem human
prefrontal cerebral cortex collected at several stages of
prenatal and postnatal development. In human prenatal
brain membranes, PLC was found to be present and
could be activated by calcium, but the ability of guano-
sine-5'-0-3 thiotriphosphate (GTP~vS) or carbachol (in
the presence of GTPyS) to modulate prenatal PLC-B
was significantly weaker than that associated with
postnatal PLC-B. Western blot analysis revealed that
the levels of Gag/1¢ did not change significantly during
development. In contrast, dramatically higher levels of
expression of PLC-By_4 isoforms and of My, M3, and
Ms muscarinic receptors were detected in the child vs.
the fetal brain, a finding that might underlie the
observed increased activity of PLC. Thus, inositol phos-
phate production may be more efficiently regulated by
altering the amount of effectors (PLC-B4_4) and recep-
tors (M4 35 subtypes) than by altering the level of Gag/11
subunits. These results demonstrate that different PLC
isoforms are expressed in the prefrontal cortex of the
developing human brain in an age-specific manner,
suggesting specific roles not only in synaptic transmis-
sion but also in the differentiation and maturation of
neurons in the developing brain. © 2006 Wiley-Liss, Inc.
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The ontogeny of the cholinergic system in the
human brain is of considerable interest in that it provides
significant innervation to most regions of the adult brain
and is closely related to motor and cognitive functions in
humans (Perry, 1986). In addition, considerable evidence
suggests that the cholinergic system plays a critical role in
the regulation of cortical morphogenesis, as well as in cel-
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lular maturation and differentiation, in a number of mam-
malian species (for review see Hohmann and Berger-
Sweeney, 1998). Various studies have described the devel-
opmental pattern of cholinergic markers, such as choliner-
gic enzymes and receptors in humans (Aguilar and Lunt,
1985; Egozi et al., 1986). However, whether different
subtypes of muscarinic receptors have different develop-
mental patterns is still unclear because of the lack of mus-
carinic receptor subtype-specific ligands.

One major pathway for neurotransmitter signaling
involves phosphoinositide-specific, G-protein-dependent
phospholipase C- (PLC-B), which stimulates the forma-
tion of two second messenger system molecules, inositol
triphosphate and diacylgycerol. Muscarinic receptor acti-
vation is well documented as one of the most robust acti-
vators of PLC- in the brain (Crews et al., 1994). It is
generally accepted that My, M3, and Ms muscarinic recep-
tors couple preferentially via the pertussis toxin-insensitive
Ggq/11 protein to PLC-B. Several studies have examined
the coupling of muscarinic receptors to PLC- in the
developing nervous systems of experimental animals
(Rooney and Nahorski, 1989; Wall et al., 1992; Candura
et al., 1995). However, details about this signal transduc-
tion pathway in the developing human brain are scarce
and are limited by the experimental procedures employed
(Larocca et al., 1994).

Experimental procedures used to measure the activ-
ity of the phosphoinositide system predominantly use
intact cells with the substrate lipids prelabeled with
[*H]inositol prior to activation with appropriate agonists
(Rooney and Nahorski, 1989; Wall et al., 1992; Larocca
et al., 1994; Candura et al., 1995). In contrast, Claro and
his colleagues optimized a method to measure phospho-
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TABLE I. Demographic Characteristics and Post-Mortem Delay of Subjects”

Postmortem
Human case Age Gender delay (hr) Cause of death
W22 22 Weeks Female 17 Prenatal distress
W35 35 Weeks Male N.D.* Intrauterine death
W40 40 Weeks Female 11 Prenatal distress
Y4 4 Years Male 45 Motor-vehicle accident
Y8 8 Years Male 24 Gunshot
Y13 13 Years Male 19 Motor-vehicle accident
Y22 22 Years Male 14 Motor-vehicle accident
Y23 23 Years Male 32 Motor-vehicle accident
Y25 25 Years Male 8 Motor-vehicle accident

*W22—35, 22-35 weeks of gestational age; Y413, 4-13,

*N.D., not determined. The subject died in the uterus.

inositide hydrolysis in rat brain cortical membranes by
using exogenously labeled phosphoinositides, which ex-
hibited relatively strong responses to several agonists
(Claro et al., 1989; Wallace and Claro, 1990). With this
method, each component of the phosphoinositide system
can be measured: PLC-f3 can be activated directly with
calcium, G-proteins can be activated with stable analogs of
GTP [e.g., guanosine-5'-0-3 thiotriphosphate (GTPvS)]
to stimulate PLC-f3, and certain agonists in the presence
of GTPyS stimulate the entire complex. By employing
this method, post-mortem human brain membranes were
shown to be responsive to stimulation by carbachol, dopa-
mine, and serotonin (Wallace and Claro, 1993). Thus, ex-
amination of post-mortem membranes with exogenous
substrates is currently one of the best available methods for
examining the functionality of neurotransmitter systems
that directly affect PLC-f in the human brain.

The present study was designed to measure the
degree of activation of each component of the phospho-
inositide complex in post-mortem human brain cortical
membranes at several stages of prenatal and postnatal de-
velopment. In addition, we also quantified the protein
levels of several elements of the PLC-f3 transmembrane
signaling complex by Western blot. In this way, we were
able to examine the association between the levels of M,
M3, and Ms muscarinic receptors; Ga,qq subunits; and
PLC-B;_4 isoforms and their corresponding functional
coupling in crude plasma membranes obtained from the
same human brain sample.

MATERIALS AND METHODS
Subjects

Human brains were obtained at autopsy from three
fetuses/newborns (prenatal cases), three children (postnatal
cases), and three adults (adult cases; see Table I for demo-
graphic characteristics). These subjects did not show evidence
of neurological or psychiatric disease nor of drug consumption
on the basis of toxicological screening for psychotropic drugs
and alcohol. The brains were removed at autopsy at the Pa-
thology Service of the “Marques de Valdecilla” University
Hospital. Tissue collection had been approved by the Ethical
Committee of the hospital Forensic Institute for post-mortem

year old child; Y22-25, 22-25 year old adult.

human studies. The prefrontal cortex was promptly dissected
and stored at =75°C.

Preparation of Human Brain Cortical Membranes

The preparation of membranes from human cortex sam-
ples was essentially as previously described by Garro et al.
(2001). Prefrontal cortex samples stored at —75°C were
thawed into a hypotonic buffer at 4°C containing 20 mM
Tris-HCI, pH 7.0, with 1 mM EGTA (Tris/EGTA buffer) in
the presence of protease inhibitors (1 pg/ml leupeptin, 10 pg/
ml soybean trypsin inhibitor, and 500 pM phenylmethylsulfo-
nyl fluoride). The tissue was minced and homogenized in
10 volumes of Tris/EGTA bufter with a motor-driven Teflon
pestle at its maximum setting (10 strokes at 1000 rev/min).
Homogenates were centrifuged for 15 min at 39,000¢, and
pellets were washed three times and stored at —75°C until
required for use. Protein was measured with the Bio-Rad dye
reagent (Bio-Rad, Hercules, CA). When we measured musca-
rinic receptor subtype levels by immunoblotting, membrane
samples were treated with N-glycosidase F (Boehringer
Mannheim, Indianapolis, IN) prior to electrophoresis by using
the method reported by Cali et al. (1994).

PLC Assay

PLC activity in brain cortical membranes was measured
essentially as described previously (Claro et al., 1989; Garro
et al., 2001, 2004) with 30 pM [*H]phosphatidylinositol 4,5-
bisphosphate (["H]PIP,, Dupont New England Nuclear, Bos-
ton, MA) as substrate. The assay buffer contained 25 mM
Tris-maleate, pH 6.8, 6 mM MgCl,, 8 mM LiCl, 2 mM
ATP, 1 mM sodium deoxycholate, 3 mM EGTA, and CaCl,
to yield the desired final free Ca”" concentration. The PLC
assay volume was 100 pl, containing 100 pg of membrane
protein. Reactions were initiated by addition of cold mem-
branes to the prewarmed assay buffer containing the substrate
and any other additions (GTPvyS and carbachol). These assays
were run for 15 min at 37°C, and were stopped by addition
of 1.2 ml of chloroform:methanol (1:2, v/v), followed by
0.5 ml each of 0.25 mM HCI and chloroform, and the reac-
tion mixtures were thoroughly vortexed. The phases were
allowed to separate, and, after centrifugation, a 1-ml aliquot
of the upper aqueous phase (containing the [*H]Jinositol phos-
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phates) was mixed with 4 ml of Optiphase HiSafe (EG&G,
Inc.) for scintillation counting. Results referring to production
of [’HJinositol phosphates are expressed in picomoles and

were derived from the specific radioactivity of the added
[PH]PIP,.

Immunodetection of Gag/q; Subunits, PLC Isoforms,
and Muscarinic Receptor Subtypes M 3 5

Western blot studies were performed as previously
reported for PLC isoforms in human and rodent brain (Garro
et al., 2001; Ruiz de Azta et al., 2001; Sallés et al., 2001;
Lopez de Jesus et al.,, 2006). Frozen pellets of cortical mem-
branes were resuspended in Tris/EGTA buffer in the presence
of protease inhibitors, and aliquots (120 pl) of membrane sus-
pension were added to 60 pl of 1 mM dithiothreitol (DTT)
and 10% sodium dodecyl sulfate (SDS) and were boiled for
5 min. After incubation, 60 pl of 15 mM N-ethylmaleimide
was added, and the samples were incubated for a further
15 min (21°C). Next, 60 pl of 25 mM DTT and 300 pl of
sample buffer (25% glycerol, 5% B-mercaptoethanol, 2% SDS,
0.01% bromophenol blue, and 62.5 mM Tris-HC1, pH 6.8)
were added and samples boiled for 5 min. Equal protein
amounts were resolved by electrophoresis in 10% SDS-poly-
acrylamide gels. Proteins were transferred to polyvinylidine di-
fluoride (PVDF) membranes (Amersham Pharmacia Spain).
Equal loading of protein into each lane was verified by Pon-
ceau staining of every blot. Blots were blocked in 5% nonfat
dry milk/phosphate-buffered saline containing 0.5% bovine
serum albumin (BSA) and 0.2% Tween (PBS-T) for 1 hr and
were incubated overnight with PLC-B; antiserum (1:5,000
dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA) and
-B>, -B3, -B4 antisera (1:1,000 dilution; Santa Cruz Biotech-
nology Inc.), PLC~y antiserum (1:2,000 dilution; Transduc-
tion Laboratories, Lexington, KY), PLC-8; antiserum (1:500
dilution; Transduction Laboratories), ag/1; antiserum (1:1,000
dilution; Santa Cruz Biotechnology Inc.), M| muscarinic re-
ceptor antiserum (1:500 dilution; Calbiochem), M3 muscarinic
receptor antiserum (1:500 dilution; Santa Cruz Biotechnology
Inc.), or Ms muscarinic receptor antiserum (1:500 dilution;
Santa Cruz Biotechnology Inc.). Blots were washed and incu-
bated with anti-rabbit or anti-mouse IgG conjugated to horse-
radish peroxidase (Amersham Pharmacia) diluted 1:4,000 in
blocking buffer for 2 hr at room temperature. Immunoreactive
bands were visualized with the enhanced chemiluminescence
(ECL) system (Amersham Pharmacia). In all experiments, blots
were subsequently incubated in stripping solution [62.5 mM
Tris (pH 6.7), 2% (w/v) SDS and 100 mM [-mercaptoetha-
nol] for 30 min at 50°C, washed twice with PBS-T, and re-
probed with antiactin antibody (1:2,000 dilution; Sigma
Chemical Co., St. Louis, MO) as described above, to test for
nonspecific loading effects under our experimental conditions.
The molecular mass of individual bands was measured by a
prestained broad-range protein ladder (Novagen).

The amount of protein loaded for each protein was
determined in pilot experiments to lie within the linear range
of detection (see Garro et al., 2001; Ruiz de AzGa et al.,
2001; Sallés et al., 2001; Lopez de Jests et al., 2000). Linearity
regarding muscarinic receptors is shown in Figures 5—7. These
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aliquots (1-50 pg of membrane protein) were obtained from
the same sample (adult human brain cortical membranes), sub-
jected to electrophoresis on identical gels in duplicate, and im-
munoblotted at the same time under identical conditions.
Identical samples from a control adult human brain (Y23)
were run in all assays of fetal, child, and adult human brain,
thereby allowing normalization of values as described in the
figure legends.

Binding Assays

The specific binding of [*H]3-quinuclidinyl benzilate
(QNB; Dupont New England Nuclear) was measured as pre-
viously described in rat brain cortical membranes (Sallés et al.,
1993a), with minor modifications. The assay buffer was phos-
phate-buffered saline (PBS; 40 mM Na,HPOy,, 10 mM NaH,PO,,
100 mM NaCl, pH 7.4). For saturation experiments, appro-
priately diluted cortical membranes were added in a volume
of 50 pl to test tubes with the appropriate concentration of
[PHJQNB (eight concentrations in the range of 12.5 pM to
5 nM). Routinely, the assay contained 62.5 pg of protein in a
final volume of 2 ml PBS. Triplicate samples without and
with 1 pM atropine served to establish total and nonspecific
binding to receptors. Incubations were carried out for 45 min
at 37°C. Binding reactions were terminated by rapid filtration
over glass-fiber filters (Whatman GF/B) presoaked in 0.5%
polyethylenimine and were rinsed rapidly with 4 ml of ice-
cold 0.9% (w/v) NaCl solution. Radioactivity trapped on the
filters was counted by liquid scintillation spectroscopy at an ef-
ficiency of 40%. For experiments involving the inhibition of
[PH]QNB specific binding by pirenzepine, a total concentra-
tion of approximately 0.3 nM of ["HJQNB and 14-21 con-
centrations of pirenzepine (range 10 pM to 100 pM) were
used.

Data Analysis

The data are usually presented as mean * SE for the
indicated number of experiments, carried out by using sepa-
rate membrane preparations from each sample, performed ei-
ther in triplicate (functional and binding assays) or in duplicate
(Western blot assays). The significance of differences between
means was analyzed by unpaired two-tailed Student’s t-tests in
the GraphPad Prism program (version 4.01 for Windows;
GraphPad Software, San Diego, CA). Statistical significance
was set at the 95% confidence level. The concentration-
response curves for Ca’t, GTPvS, and GTPyS plus carbachol
were analyzed by nonlinear regression in GraphPad, which
gave estimates of the basal level, maximal response (E,.y),
ECs, and slope(n) of the curves.

Experiments in which the specific binding of a single
concentration of ["THJQNB were assayed in the presence of
varying concentrations of pirenzepine were analyzed as com-
petition curves by nonlinear regression analysis for models of
one or two interacting sites using the appropriate equations in
the GraphPad Prism program. The goodness of fit of the data
to a two- vs. one-site receptor model was estimated by Sne-
decor’s F-test. A model for two sites was retained only when
it fit the data significantly better than a model for a single site
(P < 0.05).
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To evaluate the statistical significance of the differences
between ECs and Ky, values, these parameters were logarith-
mically transformed (pECs, = —log ECsy or p Kjp = —log
Kp), because it has been previously demonstrated that parame-
ters such as ECs, and affinity constants obtained experimen-
tally are normally distributed after logarithmic transformation
(Fleming et al., 1972).

RESULTS

Initial studies were conducted to examine the rela-
tive effects of GTPYS and carbachol on [*H]|PIP, hydroly-
sis in nine different preparations of human prefrontal cort-
ical membranes. As previously reported for cortical mem-
branes from the adult human brain (Garro et al., 2001),
GTP’YS (3 M) significantly stimulated [ H]PIP, hydroly-
sis, and this response was increased further with the addi-
tion of carbachol (1 mM). As shown in Figure 1A, the
accumulation of ["H]inositol phosphates induced by a
15-min incubation with 3 pM GTPyS was markedly
greater in postnatal than in prenatal human brain mem-
branes. Stimulation of PLC-3 by carbachol (1 mM) in the
presence of GTPvyS is also shown in Figure 1A. Thus,
carbachol was able to activate PLC-3 in all the tissues
examined, although the magnitude of the responses was
markedly different, depending further of the stage of deve-
lopment.

The weak response of PLC-3 to GTPYS and carba-
chol in fetal brain membranes could be due to a low level
of phospholipase enzymatic activity at early stages of de-
velopment. Alternatively, the enzymes could be active but
uncoupled from the G-proteins and muscarinic receptors.
In human and rodent brain cortical membranes, the sensi-
tivity of PLC-B to GTPS (in terms of nucleotide con-
centrations giving half~maximal stimulation) is signifi-
cantly greater when assayed in the presence of a musca-
rinic receptor agonist (Claro et al.,, 1989; Sallés et al.,
1993b; Garro et al., 2001; Ruiz de Azta et al., 2001).
Thus, we constructed complete concentration response
curves for GTPYS in the absence and presence of carba-
chol (1 mM) for prenatal, postnatal, and adult membranes.
Table II summarizes the data obtained, and Figure 1B
shows representative prenatal, postnatal, and adult cases.
Thus, in membranes prepared from fetal brain cases, there
was a modest activation of PLC-8 by GTP+S alone or in
combination with carbachol, even at nucleotide concen-
trations as high as 100 pM (55% and 96% increases respec-
tively, with respect to basal values). In contrast, in the case
of child brain membrane preparations, maximal stimula-
tion by GTPYS of 96% over basal was measured, and this
was further increased by carbachol up to 180% (i.e., Fig.
1B, middle). Finally, in the case of adult brain membrane
preparations, maximal stimulation by GTPyS of 137%
over basal was measured, and this was further increased by
carbachol to 166% (Fig. 1B, right). Moreover, the ECsq
values for GTPYS were found to be significantly lower in
child compared with fetal brain membranes (approxi-
mately 0.4 pM vs. 1.7 pM). Interestingly, carbachol
induced only a twofold leftward shift in the apparent ECs,,
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Fig. 1. Developmental profile of the stimulation of hydrolysis of ex-
ogenous ["H|PIP, by carbachol and GTPyS in human cerebral corti-
cal membranes. A: Human cerebral cortical membranes were incu-
bated with exogenous substrate, in 50 nM free Ca®" and no more
additions for basal conditions (open bars) or in the presence of 3 pM
GTPyS (shaded bars) or and 3 uM GTPyS plus 1 mM carbachol
(solid bars). Results, expressed in picomols, are of three independent
experiments carried out in triplicate. Each bar in the histogram repre-
sents the mean = SEM of values for each individual belonging to the
prenatal (W22, W35, and W40), postnatal (Y4, Y8, and Y13), or
adult (Y22, Y23, and Y25) groups. *P < 0.05, **P < 0.01 prenatal
vs. postnatal and adult; “P < 0.05 postnatal vs. adult (unpaired two-
tailed Student’s t-tests). B: Brain cortical membranes from a fetal
(W35), a child (Y8), and an adult (Y23) case were incubated with
different concentrations of GTPvyS, in both the presence (open
circles) and the absence (solid circles) of 1 mM carbachol. The free
calcium concentration was 50 nM, buffered with 3 mM EGTA. Data
in the left panel correspond to a representative experiment with pre-
natal case W35 (35 weeks of gestation); data in the middle panel are
from a representative experiment with postnatal case Y8 (8 years
old); data in the right panel correspond to a representative experi-
ment with an adult case (Y23). PLC-3 responsiveness to GTPyS and
carbachol was found to be relatively weak in fetal membranes.

value for GTPYS in fetal brain membranes, whereas it
induced a tenfold leftward shift in child brain membranes
and a fourfold leftward shift in adult brain membranes (see
Table II).

To determine whether the decreased functional
responses in fetal cortical membranes were associated with
specific changes in the density of PLC-3{_4 isoforms or
Gag 11 subunits, we quantified these proteins in cortical

Journal of Neuroscience Research DOI 10.1002/jnr



PLC-p in Developing Human Brain 17

TABLE II. Data From the Concentration Effect Curves for the Effect of GTPYS on PLC-3 Activity
in Human Brain Cortical Membranes in the Absence and Presence of 1 mM Carbachol (Cch)f

GTPvS alone

GTPyS + carbachol

Human case ECs, (LM) Epax (PM) ECs5y (LM) Epax (PM) A
w22 1.45 = 0.03 166.5 + 8.2 0.72 = 0.03 199.4 + 2.3 2
W35 1.89 * 0.04 151.4 = 2.2 0.88 = 0.04 190.2 + 6.5 2
W40 1.88 = 0.03 160.2 + 3.3 0.92 + 0.04 214.8 = 8.7 2
Prenatal 1.74 *+ 0.14%%* 159.4 & 4 4%k 0.84 =+ 0.06%** 201.5 = 7.2%%% 2
Y4 0.41 + 0.05 366.4 = 7.8 0.043 = 0.01 562.5 * 7.8 10
Y8 0.38 = 0.08 325.6 = 3.2 0.038 = 0.01 4272 + 11.4 10
Y13 0.43 + 0.03 376.6 = 2.2 0.045 = 0.01 536.6 = 10.4 10
Postnatal 0.41 = 0.01 356.2 + 15.6 0.04 * 0.002 508.8 * 41.5 10
Y22 0.43 + 0.02 233.0 = 7.5 0.093 = 0.01 266.3 = 2.4 4
Y23 0.38 = 0.07 245.9 = 12.6 0.091 + 0.03 270.4 + 4.4 4
Y25 0.41 + 0.03 227.1 * 16.4 0.097 = 0.02 256.4 = 3.0 4
Adult 0.41 + 0.01 235.3 + 5.5%%% 0.09 + 0.0027%# 264.4 + 4.1%7# 4

TValues are expressed as mean * SEM of parameter estimates from individual fits derived from three experi-
ments carried out in triplicate. The values for basal conditions were 103.6 = 10.3, 181.8 * 12.2, and 99.45 =
15.9 pM in prenatal, postnatal, and adult human brain cortical membranes, respectively. A indicates the potency

changes calculated as antilog (PECsogrpys+cen -

PECsoipys), where these are significantly different from

GTPyS alone (P < 0.05). W22-35, 22-35 weeks of gestational age; Y4—13, 4-13 year old child; Y22-25, 22—

25 year old adult.

**xP < (0.001 prenatal vs. postnatal and adult (unpaired two-tailed Student’s t-test).
P < 0.001 postnatal vs. adult (unpaired two-tailed Student’s r-test).

membranes from fetal, child, and adult cases. An aliquot of
pooled standard cortical membrane proteins from an adult
human brain (Y23) was run in one lane of every gel to
minimize interassay variation, and the optical density units
obtained from each sample were normalized against those
from the pooled cortical standard. Previously, to test
whether nonspecific effects (i.e., total protein content per
well) could occur under our experimental conditions, im-
munostaining for the cytoskeletal protein actin was per-
formed in all human brain cases. As shown in Figure 2,
analysis of the immunoblots revealed no statistical differ-
ence in actin immunolabeling levels among the three aged
groups. Subsequently, immunostaining for the cytoskeletal
protein actin was performed in all blots to test the consis-
tency of total protein loaded in each gel lane as described
in Materials and Methods. The relative values of the levels
of Gag/q1 subunits are presented in Figure 3. Statistical
differences in the levels of the Gag,/q; subunits were not
found. To investigate fully the PLC-3 isoform composi-
tion of human cortical membranes during development,
PLC-,_4 isoforms were analyzed. As expected, the PLC-
Bs examined were found to be expressed in all membrane
preparations. However, significantly higher levels of each
of the four PLC-[3 isoforms studied were found in child
compared with fetal cortical membranes (Figs. 4, 5).

To establish whether the decreased carbachol-medi-
ated functional responses in fetal cortical membranes were
associated with specific changes in the density of musca-
rinic receptors, we assessed changes in the density and af-
finity of the total population of muscarinic receptors as
well as of sites of high and low affinity for pirenzepine
over the course of development. Specific binding of
[PHJQNB to cortical membranes from fetal, child, and
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adult human brains was saturable over the range of con-
centrations tested. The Scatchard plots of the binding data
were linear in all cases, indicating that the labeled ligand
was bound foa homogeneous population of sites. The Ky
values for ["H]QNB were similar for the three age groups,
being approximately 40-50 pM. In contrast, a statistically
significant increase in the number of muscarinic receptors
(Biax) Was found in child and adult preparations compared
with fetal membranes (Table III). Because ["H]JQNB
potentially recognized all five muscarinic receptor sub-
types equally, a second series of receptor binding studies
was performed with pirenzepine. Significant changes in
the proportion of high and low pirenzepine affinity sites
were found as measured by their displacement of
[’H]QNB (Table IIT). At prenatal stages, the ratio of high-
to low-affinity pirenzepine binding sites was approxi-
mately 1:1, whereas, at infant and adult stages, this ratio
was approximately 2:1 and 3:1, respectively (Table I1I).
We next evaluated the relative abundance of the
M, 3 5 muscarinic receptors proteins by means of Western
blotting and compared these levels as a function of age
(Figs. 6-8). The M, ;5 muscarinic receptor proteins were
found to be present in the frontal cortex of the adult
human brain. The band sizes observed for M; (52 kDa),
Mj (55 kDa), and Ms5 (45 kDa) by SDS-PAGE under
reducing conditions were consistent with the molecular
weight of the nonglycosylated monomeric proteins. In all
cases, only a weak band of protein was detectable in
extracts from the frontal cortex of the fetal human brain.
The M, receptor was expressed earliest, and its level was
approximately 5% of the adult level by the end of 40 weeks
and about 80% of the adult level by the end of infant pe-
riod (13 years of age). The level of the M; subtype was
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Fig. 2. Levels of actin (cytoskeleton protein) immunoreactivity in
human cortical membranes. A: Representative immunoblotting with
incremental amounts of total protein ranging from 10 to 50 pug.
Standard curve for actin in crude human cerebral cortex membranes
from which the correlation coefficient (r = 0.9611) was obtained by
linear regression analysis. B: Upper panel: Representative Western
blots of actin in duplicate samples of human cortical membranes from
prenatal (W22, W35, and W40), postnatal (Y4, Y8, and Y13), and
adult (Y22, Y23, and Y25) groups. W, weeks of gestational age; Y,
years old. Quantification of immunoblotting. Differences in the levels

approximately 15% of the adult level at the prenatal stage
and 70% of the adult level in the child cases. It was not
possible to detect the M5 bands in fetal extracts because of
the low signal to background ratio on the films. However,
the levels during childhood were approximately 55% of
the adult levels.

Subsequently, we examined the responsiveness of
PLC to stimulation by calcium to evaluate whether PLC
activation involving direct receptor/Gg,11 protein/PLC-3
coupling, as in the case of muscarinic receptor stimulation,
was similar to that induced by calcium alone. All PLC iso-
forms carry out Ca®'-dependent hydrolysis of PIP,, so
raising the calcium concentration directly activates these
enzymes. The effect of free Ca®" on [’H]inositol phos-
phate formation from [’H|PIP, is shown in Table IV.
Increasing concentrations of free Ca”" stimulated the hy-
drolysis of [’H|PIP, in membranes from the post-mortem
human prefrontal cortex. Significant stimulation was
obtained with 10 nM Ca*", and maximal activity was
obtained with 10 pM Ca”", whereas no enzymatic activity
was detected in the presence of 3 mM EGTA and no
added CaCl2. As shown in Table IV, the half~maximal
activation of basal [’H]inositol phosphate formation from
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of actin were assessed in the separate immunoblot experiments carried
out in duplicate, using 16 pg of cortical membrane protein. Data are
expressed as the mean * SEM percentage of the corresponding adult
human brain case (Y23) from n = 15 experiments. Lower panel:
Mean £ SEM of values for each individual belonging to the prenatal,
postnatal, and adult groups. Statistical differences in the levels of actin
were not found to be associated with development. Therefore, this
cytoskeleton protein allowed us to exclude potential variations in
total protein content per well among fetal, child, and adult cases in
Western blot analysis.

[’H|PIP,, estimated bgf nonlinear regression analysis, was
about 300 nM free Ca”" irrespective of the developmental
stage of the preparation. The Ca®" concentration depend-
ence of this response is similar to that reported previously
for rat and human brain cortical membranes (Claro et al.,
1989; Garro et al., 2001). In addition, the maximal effects
of Ca®" were similar for the prenatal, postnatal, and adult
groups (Table IV).

Finally, to account for the overall PLC activity mea-
sured under calcium-stimulating conditions, the protein
levels of PLC~y and PLC-8; were also examined. No sig-
nificant differences were found in the levels of expression
of PLC~y in fetal, child, and adult cases (Fig. 9). In con-
trast, PLC-8; levels were 50% of adult levels during the
prenatal stage and equal to the adult level in the postnatal
stage (Fig. 9).

DISCUSSION

Evidence from molecular cloning indicates that there
are distinct, intronless human genes that encode five mus-
carinic receptor glycoproteins (Caulfield, 1993; Felder,
1995). Examination of the distribution of the mRNAs
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Fig. 3. Quantification of Gag,q; subunit immunoreactivity in cortical
membranes. Upper panel: Representative Western blots of Gag/1
subunits in duplicate samples of cortical membranes from the human
cases studied. Abbreviations as in the legend to Figure 2. Middle
panel: Differences in the levels of Gag/q; were assessed by using
16 pg of protein from cortical membranes from human brain cases.
Data are expressed as mean £ SEM percentage with respect to the
corresponding adult human brain (Y23) from n = 8 experiments.
Lower panel: Mean = SEM of values from each individual belonging
to the prenatal, postnatal, and adult groups. Statistical differences in
the levels of the Gag/q; subunits were not found to be associated
with development.

encoding the five muscarinic receptors has been accom-
plished by in situ hybridization histochemistry, Northern
blot analysis, and quantitative RT-PCR employing recep-
tor-specific nucleic acid probes (Caulfield, 1993; Wei
et al., 1994; Krejci and Tucek, 2002). These studies have
shown that muscarinic receptor mRNAs have a distinct
regional distribution in the mammalian brain, and they
have confirmed the presence of muscarinic receptors in
brain regions such as the frontal cortex. Moreover, the
composition and relative abundance of the entire family of
muscarinic receptor proteins in the rat and human brain
cortex have been elucidated by radioligand binding studies
with tissue homogenates and sophisticated kinetic analyses
(Flynn et al., 1997) as well as by immunoprecipitation
studies (Wall et al., 1992; Flynn et al., 1995; Tice et al.,
1996).

Confirmation of effective coupling of My and M; to
phosphoinositide-hydrolysis-linked = signaling has been
reported in native tissues such as the brain cortex both in
rat and humans (Forray and El-Fakahany, 1990; Sallés
et al., 1993a; Garro et al., 2001). Direct evidence for this
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pathway of M5 receptor signaling remains to be established
(for comprehensive review see Eglen and Nahorski,
2000). In several respects, the profile of antagonist affin-
ities at the Mjs subtype resembles that determined at the
Mj receptor (Buckley et al., 1989; Dorje et al.,, 1991;
Watson et al., 1999; Eglen and Nahorski, 2000). There-
fore, given the similarity in M3 and Mj5 binding profiles, it
would be anticipated that M3 and M5 fall within the previ-
ously defined low-affinity component of pirenzepine
binding obtained from functional studies in human brain
cortical membranes (Garro et al., 2001) and could reflect
an overestimation of the role of the M3 muscarinic recep-
tor subtype in carbachol-stimulated PLC-f3 activity.
Information regarding the functional role of a recep-
tor in the CNS can be gleaned from changes in the pattern
of expression of that receptor during the course of devel-
opment. The developmental time course of ["THJQNB
binding sites in the human prefrontal cortex reported in
the present study is consistent with that previously
reported for comparable stages of development (Raviku-
mar and Sastry, 1985; Perry et al., 1986; Gremo et al.,
1987). Thus, binding sites for muscarinic cholinergic
agents have been detected during the early stages of devel-
opment of the human fetal brain (Ravikumar and Sastry,
1985; Florez et al., 1990; Bar-Peled et al., 1991). In addi-
tion, we found significant developmental changes in the
proportion of high- and low-attinity pirenzepine binding
sites as measured by their displacement of [H]QNB.
Because interpretation of these results in terms of musca-
rinic receptor subtypes is difficult, we also determined the
levels of My, M3, and M5 muscarinic receptors by Western
blot. We found that M| muscarinic receptors are expressed
very early in the fetal human prefrontal cortex, a situation
contrasting with the developmental profile of the M5 mus-
carinic receptor. In fact, reliable measures for significant
levels of M5 muscarinic receptors were obtained mostly at
postnatal stages. Common to all these development pat-
terns is the fact that carbachol-simulated PLC-f activity in
the developing brain differs greatly from that of the adult
condition and changes rapidly over the course of develop-
ment. The present results indicate that carbachol (in the
presence of GTPYS) was able to activate PLC-f in all pre-
natal, postnatal, and adult tissues examined, although the
responses were markedly different depending on the stage
of development. This finding is consistent with the pre-
ceding results regarding the levels of expression of recep-
tors preferentially coupled to phosphoinositide turnover.
The relative lack of responsiveness to GTPyS and
carbachol in fetal brain membranes may be due to a low
level of expression of G,,11 proteins, and/or of muscarinic
receptors, and/or of enzymatic activity at early stages of
development. Since GTPyS stimulation of PLC-3 does
not require receptor activation, insufficient G-protein
function, which could be due to a decrease in the number
and/or sensitivity to GTPyS of Gg/q; proteins, could
explain the weak concentration-response to GTPvyS
curves at prenatal stages. However, we found by Western
blot that Gag/11 levels did not change significantly during
development, making this unlikely. In addition, it is possi-
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the corresponding adult human brain case
(Y23) from three experiments. Lower panels:
Mean * SEM of values for each individual
belonging to the prenatal, postnatal, and adult
groups. ***P < 0.001 prenatal vs. postnatal
and adult (unpaired two-tailed Student’s -
tests). Significantly higher levels of PLC-34
and PLC-B, were found in child compared
with fetal cortical membranes.
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PLC-B; (B) immunoreactivity in cortical

membranes. Upper panels: Representative
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in duplicate samples of cortical membranes

from the human cases studied. Abbreviations
as in the legend to Figure 2. Middle panels:
Differences in the levels of PLC-33 and PLC-
B, were assessed in separate immunoblot
experiments carried out in duplicate, with
16 pg of protein from cortical membranes
from human brain cases. Data are expressed as
the mean = SEM percentage of the corre-
sponding adult human brain case (Y23) from
three cases. Lower panels: Mean £ SEM of
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ble that the amount of PLC specifically coupled to G pro-
teins is higher in the post- vs. prenatal brain. In fact, in the
rodent CNS, the three structural families (8-, y-, and 8-)
of PLC isoforms present a different developmental pattern
of expression, with increased levels of PLC-8 isoforms
(mRNA and protein) in the mature brain (Yamada et al.,
1991; Shimohama et al.,, 1998; Watanabe et al., 1998).

PRENATAL POSTHATAL ADULT

values for each individual belonging to the
prenatal, postnatal, and adult groups. ***P <
0.001 prenatal vs. postnatal and adult; #p <
0.05 postnatal vs. adult (unpaired two-tailed
Student’s t-tests). Once again, significantly
higher levels of PLC-B; and PLC-, were
found in child compared with fetal cortical
membranes.

Our Western blot data now extend these findings to the
human brain; the dramatically higher levels of expression
of the PLC-B;_, isoforms in child compared with fetal
brains may underlie the increased responsiveness to
GTP~S and carbachol. Moreover, these differences cannot
be attributed to nonspecific effects (total protein loaded
per well), because the immunolabeling of the cytoskeleton

Journal of Neuroscience Research DOI 10.1002/jnr
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TABLE III. Parameters of ["HJQNB Binding to Human Cortical Membranes'

Saturation isotherms of [3H] QNB Competition of pirenzepine for [3H] QNB binding sites
Case B (fimol/mg) K4 (pM) n %Ry pKjy pKi> n
W22 82.0 50 1
W35 255.68 40 1 58.2 = 6.4 8.22 = 0.10 6.77 £ 0.13
W40 199.57 43 1 58.8 8.00 6.60 1
Prenatal 179.2 £ 51.1% 44 = 3.0 58.6 = 0.3 8.11 = 0.11 6.68 = 0.09
Y4 4272 * 17.6 42 £ 6.0 3 74.1 £ 0.2 7.80 = 0.07 6.61 = 0.19 3
Y8 3784 + 4.7 43 = 2.0 3 62.5 = 0.3 8.05 = 0.22 6.91 £ 0.37 3
Y13 375.9 = 41.8 41 =70 3 70.0 = 1.1 7.99 £ 0.12 6.74 = 0.27 3
Postnatal 393.74 £ 16.73 42 = 0.6 68.9 = 3.4 7.95 = 0.08 6.75 = 0.09
Y22 410.14 £ 16.3 47 = 3.0 3 83.7 £ 6.3 7.80 = 0.05 6.51 = 0.39 3
Y23 507.76 £ 17.3 43 = 2.0 4 85.9 = 2.0 7.79 = 0.05 6.40 = 0.31 3
Y25 397.3 £ 12.8 39 + 5.1 3
Adult 438.4 + 349 43 =23 84.8 = 1.0 7.79 = 0.01 6.45 = 0.05

TValues are expressed as mean * SEM of parameter estimates from individual fits derived from the indicated number of experiments (n), which were
performed in triplicate. pKj; and pKj, correspond to high - and low-affinity components of pirenzepine. %R is the high-affinity fractions of pirenze-
pine-induced inhibition. A two-site model was retained only if it was significantly better than a one-site model. Abbreviations as in Table 1.

*P < 0.05 prenatal vs. corresponding postnatal and adult values (unpaired two-tailed Student’s t-test).

A B

M, receptor

10pg 20pg 30ug 40ug S0ug

0.25

0.20+

0.15+

AREA {cm x 0.0.)

010 r T T T T

TOTAL PROTEIN {ug)

Fig. 6. Levels of muscarinic M; receptor immunoreactivity in human
frontal cortex membranes. A: Elaboration of standard curves for the
M, muscarinic receptor in crude human cerebral cortex membranes.
Upper panel: Immunoblotting using incremental amounts of protein
ranging from 10-50 pg. Lower panel: The corresponding standard
curves from which the correlation coefficient (r = 0.7912) was
obtained by linear regression analysis. B: Upper panel: Representative
Western blots of the M; muscarinic receptor in duplicate samples of
human cortical membranes. Abbreviations as in the legend to Figure
2. Middle panel: Quantification of immunoblotting. Differences in

protein actin, used as an internal control, was similar
among the three age group studied. Hence, although
much more work will have to be done to establish the role
that the relative amounts of muscarinic receptors/G pro-
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the levels of M| muscarinic receptors were assessed in the separate im-
munoblot experiments carried out in duplicate, with 30 pg of cortical
membrane protein. Data are expressed as the mean = SEM percentage
of the corresponding adult human brain case (Y23). Lower panel:
Mean * SEM of values for each individual belonging to the prenatal,
postnatal and adult (Y22, Y23) groups. **P < 0.01 prenatal vs. post-
natal (unpaired two-tailed Student’s t-tests). By the end of the prenatal
period (40 weeks), the level of the M receptor was approximately 5%
of that of the adult level but was about 80% of that of the adult level by
the end of infant period (13 years of age).

teins/PLC-Bs play during development and to explain
why responses to carbachol, as defined in cell-free systems,
are weak in prenatal stages of development, our data indi-
cate that the rate of phosphoinositide hydrolysis may be
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Fig. 7. Levels of muscarinic M5 receptor immunoreactivity in human
frontal cortex membranes. A: Elaboration of the standard curve for
the Mj; muscarinic receptor in crude human cerebral cortex mem-
branes. Upper panel: Immunoblotting with incremental amounts of
protein ranging from 10 to 50 pg. Lower panel: The corresponding
standard curves from which the correlation coefficient (r = 0. 9955)
was obtained by linear regression analysis. B: Upper panel: Represen-
tative Western blots of the M muscarinic receptor in duplicate sam-
ples of human cortical membranes. Abbreviations as in the legend to
Figure 2. Middle panel: Quantification of immunoblotting. Differen-

limited during fetal stages of development by low levels of
expression of PLC-3s and of M, M3, and M5 muscarinic
receptors rather than by reduced availability of Gogq;
subunits.

Nevertheless, the higher functional responses mea-
sured in the child brain in comparison with the adult brain
(see also Garro et al., 2001), in spite of similar levels of
expression of muscarinic receptors/ Gag,11 subunits/PLC-
B1_4 isoforms remains an intriguing issue. A similar onto-
genic developmental profile has been reported for the rat
brain, for which several groups have shown that musca-
rinic receptor-stimulated phosphoinositide metabolism is
higher in the neonatal rat brain (in which the brain growth
spurt is taking place; Dobbing and Sands, 1979) than in
the corresponding adult brain (Balduini et al., 1987; Hea-
cock et al, 1987; Rooney and Nahorski, 1987).
Decreased carbachol-stimulated PLC-f3 activity in cortical
membranes from adult brains may be due to an uncou-
pling of muscarinic receptors from the corresponding G-

Y23 W22 W35 W40
55km'“- T = & -
Y22 Y23 Y4 Y8 Y13 Y22

ssicn [

1004

75

RELATIVE M, LEVEL
(% of Y23)

W22 W35 W40 Y4 Y8 Y13 Y22z Y23

100+

75

504

(% of Y23)

254

RELATIVE M, LEVEL

PRENATAL POSTHATAL ADULT

ces in the levels of M3 muscarinic receptors were assessed in three
separate immunoblot experiments carried out in duplicate, with
30 pg of protein from human cortical membranes. Data are expressed
as the mean = SEM percentage of the adult human brain case (Y23).
Lower panel: Mean = SEM of values for each individual belonging
to the prenatal, postnatal, and adult (Y22, Y23) groups. **P < 0.01
prenatal vs. postnatal (unpaired two-tailed Student’s t-tests). The level
of the Mj subtype was approximately 15% of the adult level at the
prenatal stage and 70% of the adult level in the child cases.

proteins, as indicated by the difference in size of the shift
induced by carbachol in the GTPyS concentration-
response curves. However, the classical view that G-pro-
tein-coupled receptor systems are one-dimensional cannot
readily account for these observations, and, as discussed by
Ostrom (2002), an additional dimension must be incorpo-
rated into this conceptual model. A more contemporary
idea is that cellular plasma membranes do not uniformly
express G-protein-coupled-receptor-eftector molecules,
but, rather, they do so in specific membrane microdomains
(i.e., compartmentation; see Ostrom et al., 2000; Ostrom
2002). Thus, it is possible that muscarinic receptors, Gg/11
proteins, and/or PLC-Bs, though present at similar levels
in child and adult human cortical membranes, undergo
alterations in their colocalization that determine musca-
rinic receptor coupling efficiency to PLC-3. Nevertheless,
it must be remembered that activation of phospholipase C-
B by GTPS and carbachol in brain membranes is seen in
the presence of 1 mM deoxycholate (Claro et al., 1989),

Journal of Neuroscience Research DOI 10.1002/jnr



M; receptor

10pg 20pg 30pg 40pg  50pg

T

0.2

AREA {cm x 0.D.)
=

0.0 T T T T
a 10 20 30 40 50 =]

TOTAL PROTEIN {ug)

Fig. 8. Levels of muscarinic M5 receptor immunoreactivity in human
frontal cortex membranes. A: Standard curves for the Ms muscarinic
receptor subtype in crude human cortical membranes. Upper panel:
Immunoblotting using incremental amounts of protein ranging from
10 to 50 pg. Lower panel: The corresponding standard curves from
which the correlation coefticient (r = 0. 9938) was obtained by lin-
ear regression analysis. B: Upper panel: Representative Western blots
of the M5 muscarinic receptor subtype in duplicate samples of human
cortical membranes. Abbreviations as in the legend to Figure 2. Mid-
dle panel: Quantification of immunoblotting. Differences in the levels

and it is now known that under these conditions spatial
segregation would be preserved.

It is also conceivable that enhanced stimulation of
PIP, metabolism in child tissue may be due to a lack of in-
hibitory feedback by G-protein-coupled receptor kinases
(GRKs) and/or other kinases. In fact, in the rat brain, the
expression of GRK2 and (-arrestin-1 was only about 45—
70% and 30%, respectively, of the adult levels by the end
of first postnatal week (Penela et al., 2000). Both the M,
and the M3 muscarinic receptor subtypes are phosphoryl-
ated by GRK2 in an agonist-dependent manner (Debbur-
man et al., 1995; Haga et al., 1996). It has been suggested
that the phosphorylation of G-protein-coupled receptors
greatly reduces their signal transduction functionality (for
review see Krupnick and Benovic, 1998). In addition,
recent studies have shown that certain GRKs can suppress
the interaction between GPCRs and G-proteins in a
phosphorylation-independent manner. In this respect,
Carman et al. (1999) demonstrated that GRK2 and
GRK3 bind avidly to activated Gag/qq to inhibit
Ins(1,4,5)-P5 generation.

The functional differences observed in agonist-
stimulated PLC-f activity could be attributed to demo-
graphic characteristics of the subjects analyzed, such as
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of M5 muscarinic receptors were assessed in three separate immunoblot
experiments carried out in duplicate, with 30 pg of protein from
human cortical membranes. Data are expressed as the mean = SEM
percentage of the corresponding adult human brain case (Y23). Lower
panel: Mean * SEM of values for each individual belonging to the pre-
natal postnatal and adult (Y22, Y23) groups. It was not possible to
detect the M5 bands in fetal membranes because of the low signal-to-
background ratio. However, Ms levels during childhood were approxi-
mately 55% of those detected in adult preparations.

TABLE IV. Concentration-Effect Curves for Calcium on PLC
Activity in Human Brain Cortical Membranes*

Human case ECs50 (nM) E..x (PM)
W22 229.5 * 54.2 549.8 = 35.5
W35 569.6 = 102 1,244.1 = 139.2
W40 459.0 *£ 33.4 945.6 * 117.6
Prenatal 419.4 = 100.2 913.2 = 201.1
Y4 257.6 = 12.2 1,138.16 = 23.9
Y8 239.8 £ 11.4 1,656.9 = 46.1
Y13 261.8 £ 12.0 1,223.5 = 22.6
Postnatal 253.1 £ 6.7 1,339.5 = 160.6
Y22 235.8 £ 23.7 732.5 £ 108.1
Y23 298.4 = 145 1,113.8 = 6.1
Y25 267.1 £ 18.9 1,009.1 £ 499
Adult 267.1 £ 18.1 951.8 = 113.7

*Values are expressed as mean £ SEM of parameter estimates from indi-
vidual fits derived from n = 3 experiments each run in triplicate. Abbre-
viations as in Table I.

gender or post-mortem interval. There currently are no
data to indicate that gender influences muscarinic receptor
signalling via PLC in the developing human brain; never-
theless, we cannot exclude this possibility because of the
limited number of samples analyzed in this study. In con-
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Fig. 9. Quantification of immunoblotting. A: Upper panel: Repre-
sentative Western blots of PLC-y isoforms in duplicate samples of
cortical membranes from the human cases studied. Abbreviations as
in the legend to Figure 2. Middle panel: Quantification of immuno-
blotting. Differences in the levels of PLC-y were assessed in three
separate immunoblot experiments carried out in duplicate, with
16 pg of protein from cortical membranes from human brain cases.
Data are expressed as the mean *£ SEM percentage of the corre-
sponding adult human brain case (Y23) from three experiments.
Lower panel: Mean * SEM of values for each individual belonging
to the prenatal (W22, W35, and W40), postnatal (Y4, Y8, and Y13),
and adult (Y22, Y23, and Y25) groups. B: Upper panel: Representa-

trast, controversial data have been published on the influ-
ence of the post-mortem interval on each of the proteins
analyzed (either functionally or in terms of expression
level) in this study. On the one hand, the basal activity of
PLC and its stimulation by GTP¥S or carbachol in mem-
branes from human prefrontal cortex samples were unaf-
fected by post-mortem delays ranging from 5 to 21 hr
(Jope et al., 1994; Greenwood et al., 1995). Furthermore,
expression levels of PLC isoforms determined by Western
blot analysis were unaffected by varying post-mortem
intervals (Greenwood et al., 1995). However, post-mor-
tem stability of stimulated phosphoinositide hydrolysis
occurred in spite of the fact that there was a significant
correlation between decreased levels of Ga and increased
post-mortem interval (Greenwood et al., 1995). These
contradictory findings may be the result of either Gag
being present in excess or of the small degree of decline of
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tive Western blots of PLC-8; isoforms in duplicate samples of cortical
membranes from the human cases studied. Middle panel: Quantifica-
tion of immunoblotting. Differences in the levels of PLC-8; were
assessed in three separate immunoblot experiments carried out in
duplicate, with 16 pg of protein from cortical membranes from
human brain cases. Data are expressed as the mean * SEM percent-
age of the corresponding adult human brain case (Y23) from three
experiments. Lower panel: Mean = SEM of values for each individ-
ual belonging to the prenatal (W22, W35, and W40), postnatal (Y4,
Y8, and Y13), and adult (Y22, Y23, and Y25) groups. *P < 0.05
prenatal vs. adult (unpaired two-tailed Student’s r-test).

Gag levels (Greenwood et al., 1995; Li et al., 1996). Our
results also suggest that the rate of phosphoinositide hy-
drolysis might not be limited by Gag,q; levels in human
brain cortical membranes (Lopez de Jests et al., 2006;
present study). On the other hand, a post-mortem-delay-
mediated decrease in GTPyS and carbachol-stimulated
phosphoinositide metabolism has been reported for
human brain cortical membranes (Garro et al., 2004). The
effect of post-mortem delay on the density of muscarinic
receptors is also unclear; reports of no changes (Rodri-
guez-Puertas et al., 1996), a slight reduction (Whitehouse
et al., 1984), and significant decreases (Cortés et al., 1987)
have been published. In any event, the potential impact of
post-mortem delay on the results reported here would not
appear to affect our conclusions, at least qualitatively, in
particular because those cases with longer post-mortem
delay are precisely those with higher functional responses
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and higher protein expression levels of receptors and etfec-
tors (child > adult > fetal).

Finally, we examined the responsiveness of PLC to
stimulation by calcium and did not detect significant dif-
ferences in the maximal effects of calcium among the vari-
ous developmental stages examined. Thus, the develop-
mental pattern of carbachol-stimulated enzymatic activity
is very different from that stimulated by calcium. How-
ever, it must be remembered that all PLC isoenzyme
activities are calcium dependent (Rhee and Bae, 1997);
therefore, all the PLC isoenzymes present in membranes
are likely to contribute to the total PLC activity measured.
Because low levels of PLC isoforms are associated with
the prenatal cortex, other PLC members must contribute
to the robust calcium response. Our Western blot results
indicate that PLCvy and, to a lesser extent, PLC9; make
important contributions to calcium-stimulated PLC activ-
ity in fetal cortical membranes.

Opverall, the present results demonstrate that PLC[3,
-v, and -8 isoforms are present in the fetal, child, and
adult prefrontal cortex of the human brain, increasing
levels being found over development for PLC-f3 and 8,
whereas PLCvy levels at early developmental stages were
similar to those in the adult. PLC~y has been suggested
to be involved especially in cellular division and growth
during rodent CNS histogenesis, whereas PLC-f3 and
PLC-9 seem to be involved in early synaptogenesis and
establishment of the neural network (Yamada et al,
1991; Shimohama et al., 1998) by means of regulating
the differentiation and maturation of neurons in the
developing brain. Our results also suggest that more effi-
cient inositol phosphate production by guanine nucleo-
tides and carbachol in the postnatal vs. prenatal brain is
achieved by up-regulating the expression of receptors
(M 3,5 subtypes) and effectors (PLC-3;_4) rather than by
altering the levels of Gag/q; subunits. The developing
human brain thus provides a useful longitudinal model
that lends itself particularly well to tackling the problem
of how muscarinic receptor coupling to phosphoinositide
breakdown 1is regulated. Therefore, these studies could
be of critical importance in understanding better the sub-
strate underlying both congenital and acquired neurode-
velopmental diseases of the CNS.

ACKNOWLEDGMENTS

This work was supported by grants from the Spanish
Ministry of Science and Technology (MCYT; SAF98-
0064 and SAF01-0651) to A.P. and J.S. and the Basque
Government (ETORTEK) to J.S. In addition, LLR.A.
received a fellowship from the Euskal Herriko Unibertsi-
tatea/University of the Basque Country. Finally, the
authors thank the agency ACTS (http://www.euskalnet.
net/acts) for having improved the English in this paper.

REFERENCES

Aguilar JS, Lunt GG. 1985. Muscarinic receptor sites in human fetal
brain. Neurochem Int 7:509-514.

Journal of Neuroscience Research DOI 10.1002/jnr

PLC-p in Developing Human Brain 25

Balduini W, Murphy SD, Costa LG. 1987. Developmental changes in
muscarinic receptor-stimulated phosphoinositide metabolism in rat
brain. ] Pharmacol Exp Ther 241:421-427.

Bar-Peled O, Israeli M, Ben-Hur H, Hoskins I, Groner Y, Biegon A.
1991. Developmental pattern of muscarinic receptors in normal and
Down’s syndrome fetal brain: an autoradiographic study. Neurosci Lett
133:154-158.

Buckley NJ, Bonner TI, Buckley CM, Brann MR. 1989. Antagonist
binding properties of five cloned human muscarinic receptor subtypes.
Mol Pharmacol 35:469-476.

Cali JJ, Zwaagstra JC, Mons N, Cooper DMF, Kupinski J. 1994. Type
VIII adenylyl cyclase: a Ca®*/calmodulin-stimulated enzyme expressed
in discrete regions of rat brain. ] Biol Chem 269:12190-12195.

Candura SM, Tonini M, Baiardi P, Manzo L, Costa LG. 1995. Hetero-
geneity of cholinergic muscarinic receptors coupled to phosphoinositide
metabolism in immature rat brain. Brain Res Dev Brain Res 86:134—
142.

Carman CV, Parent JL, Day PW, Pronin AN, Sternweis PM, Wede-
gaertner PB, Gliman AG, Benovic JL, Kozasa T. 1999. Selective regu-
lation of Gag/; by RGS domain in the G protein-coupled kinase,
GRXK?2. ] Biol Chem 274:34483-34492.

Caulfield MP. 1993. Muscarinic receptors—characterization,
and function. Pharmacol Ther 58:319-379.

Claro E, Wallace MA, Lee HM, Fain JN. 1989. Carbachol in the pres-
ence of guanine 5'-O-(3-thiotriphosphate) stimulates the breakdown of
exogenous phosphatidylinositol 4,5-biphosphate, phosphatidylinositol 4-
phosphate, and phosphatidylinositol by rat brain membranes. | Biol
Chem 264:18288-18295.

Cortés R, Probst A, Palacios JM. 1987. Quantitative light microscopic
autoradiographic localization of cholinergic muscarinic receptors in the
human brain: forebrain. Neuroscience 20:65-107.

Crews FT, Kurian P, Freund G. 1994. Cholinergic and serotonergic
stimulation of phosphoinositide hydrolysis is decreased in Alzheimer’s
disease. Life Sci 55:1993-2002.

Debburman SK, Kunapuli P, Benovic JL, Hosey M. 1995. Agonist-de-
pendent phosphorylation of human muscarinic receptors in Spodoptera
frugiperda insect cell membranes by G protein-coupled receptor ki-
nases. Mol Pharmacol 47:224-233.

Dobbing J, Sands J. 1979. Comparative aspects of the brain growth spurt.
Early Hum Dev 3:79-83.

Dorje F, Wess J, Lambrecht G, Tacke R, Mutschler E, Brann MR.
1991. Antagonist binding profiles of five cloned muscarinic receptor
subtypes. ] Pharmacol Exp Ther 256:727-733.

Eglen RM, Nahorski SR. 2000. The muscarinic M5 receptor: a silent or
emerging subtype? Br J Pharmacol 130:13-21.

Egozi Y, Sokolovsky M, Schefter E, Blatt Y, Zakut H, Matzkel A, Soreq
H. 1986. Divergent regulation of muscarinic binding sites and acetyl-
cholinesterase in discrete regions of the developing human fetal brain.
Cell Mol Neurobiol 6:55-70.

Felder CC. 1995. Muscarinic acetylcholine receptors: signal transduction
through multiple effectors. FASEB J 9:619-625.

Fleming WW, Westfall DP, De La Lande IS, Jellett LB. 1972. Long-nor-
mal distribution of equieffective doses of norepinephrine and acetylcho-
line in several tissues. ] Pharmacol Exp Ther 181:339-345.

Florez J, Del Arco C, Gonzilez A, Pascual J, Pazos A. 1990. Auto-
radiographic studies of neurotransmitter receptors in the brain of
newborn infants with Down’s syndrome. Am ] Med Genet 7:301—
305.

Flynn DD, Ferrari-DiLeo G, Mash DC, Levey Al 1995. Difterential reg-
ulation of molecular subtypes of muscarinic receptors in Alzheimer’s
disease. ] Neurochem 64:1888-1891.

Flynn DD, Reever CM, Ferrari-DiLeo G. 1997. Pharmacological strat-
egies to selectively label and localize receptor subtypes. Drug Dev Res
40:104-116.

coupling



26 Ruiz de Azua et al.

Forray C, El-Fakahany EE. 1990. On the involvement of multiple mus-
carinic receptor subtypes in the activation of phosphoinositide metabo-
lism in rat cerebral cortex. Mol Pharmacol 37:893-902.

Garro MA, Lopez De Jesas M, Ruiz de Azta I, Callado LF, Meana JJ,
Sallés J. 2001. Regulation of phospholipase CB activity by muscarinic
acetylcholine and 5-HT, receptors in crude and synaptosomal mem-
branes from human cerebral cortex. Neuropharmacology 40:686—695.

Garro MA, Lépez de Jests M, Ruiz de Azta I, Callado LF, Meana JJ,
Sallés J. 2004. Differential post-mortem delay effect on agonist-medi-
ated phospholipase CB activity in human cortical crude and synaptoso-
mal membranes. Neurochem Res 29:1453-1457.

Greenwood AF, Powers RE, Jope RS. 1995. Phosphoinositide
hydrolysis, Gagq, phospholipase C, and protein kinase C in post mor-
tem human brain: effects of post mortem interval, subject age and Alz-
heimer’s disease. Neuroscience 69:125-138.

Gremo F, Palomba M, Marchisio AM, Marcello C, Mulas ML, Torelli S. 1987.
Heterogeneity of muscarinic receptor in the developing human fetal brain: re-
gional distribution and characterization. Early Hum Dev 15:165-177.

Haga K, Kameyama K, Haga T, Kikkawa U, Shiozaki K, Uchiyama H.
1996. Phosphorylation of human m1 muscarinic acetylcholine receptors
by G protein-coupled receptor kinase 2 and protein kinase C. ] Biol
Chem 271:2776-2782.

Heacock AM, Fisher SK, Agranoff BW. 1987. Enhanced coupling of
neonatal muscarinic receptors in rat brain to phosphoinositide turnover.
J Neurochem 48:1904-1911.

Hohmann CF, Berger-Sweeney JB. 1998. Cholinergic regulation of cort-
ical development and plasticity. New twists to an old story. Prespect
Dev Neurobiol 5:401-425.

Jope RS, Song L, Powers R. 1994. Agonist-induced, GTP-dependent
phosphoinositide hydrolysis in post-mortem human brain membranes.
J Neurochem 62:180-186.

Krejci AE, Tucek S. 2002. Quantification of mRNAs for M1 to M5
subtypes of muscarinic receptors in heart and brain cortex. Mol Phar-
macol 61:1267-1272.

Krupnick JG, Benovic JL. 1998. The role of receptor kinases and arrest-
ins in a G-protein-coupled receptor regulation. Annu Rev Pharmacol
Toxicol 38:289-319.

Larocca JN, Rodriguez-Gabin AG, Rashbaum WK, Weidenheim KM,
Lyman WD. 1994. Muscarinic receptor-dependent activation of phos-
pholipase C in the developing human fetal central nervous system.
Brain Res 653:9-15.

Li X, Greenwood AF, Powers R, Jope RS. 1996. Effects of post-mortem
interval, age and Alzheimer’s disease on G-proteins in human brain.
Neurobiol Aging 17:115-122.

Lopez de Jests M, Zalduegui A, Ruiz de Azta I, Callado LF, Meana JJ,
Sallés J. 2006. Levels of G-protein aq/1; subunits and phospholipase C-
B1-4» -7V, and -8; isoforms in post-mortem human brain caudate and
cortical membranes: potential functional implications. Neurochem Int
(in press).

Ostrom RS. 2002. New determinants of receptor-effector coupling: traf-
ficking and compartmentation in membrane microdomains. Mol Phar-
macol 61:473-476.

Ostrom RS, Post SR, Insel PA. 2000. Stoichiometry and compartmenta-
tion in G protein-coupled receptor signaling: implications for therapeu-
tic interventions involving Gs. J Pharmacol Exp Ther 294:407—412.

Penela P, Alvarez-Doblado M, Mufioz A, Mayor F. 2000. Expression
patterns of the regulatory proteins G protein-coupled receptor kinase 2
and beta-arrestin 1 during rat postnatal brain development: effect of
hypothyroidism. Eur J Biochem 267:4390-4396.

Perry EK. 1986. The cholinergic hypothesis-ten years on. Br Med Bull
61:473-476.

Perry EK, Smith CJ, Atack JR, Candy JM, Johnson M, Perry RH. 1986.
Neocortical cholinergic enzyme and receptor activities in the human fe-
tal brain. ] Neurochem 47:1262-1269.

Ravikumar BV, Sastry PS. 1885. Muscarinic cholinergic receptors in
human fetal brain: characterization and ontogeny of [*H]quiniclidinyl
benzilate binding sites in frontal cortex. ] Neurochem 44:240-246.

Rhee SG, Bae YS. 1997. Regulation of phosphoinositide-specific phos-
pholipase C isoenzymes. ] Biol Chem 272:15045-15048.

Rodriguez-Puertas R, Pascual J, Pazos A. 1996. Eftects of freezing stor-
age time on the density of muscarinic receptors in the human post-
mortem brain: an autoradiographic study in control and Alzheimer’s
disease brain tissues. Brain Res 728:65-71.

Rooney TA, Nahorski SR. 1987. Postnatal ontogeny of agonist depolari-
zation-induced phosphoinositide hydrolysis in rat cerebral cortex.
J Pharmacol Exp Ther 243:333-341.

Rooney TA, Nahorski SR. 1989. Developmental aspects of muscarinic-
induced inositol polyphosphate accumulation in rat cerebral cortex. Eur
J Pharmacol Mol Pharmacol Sect 172:425-434.

Ruiz de Azta I, Lumbreras MA, Zalduegui A, Baamonde C, Dierssen
M, Florez J, Sallés J. 2001. Reduced phospholipase C- activity and
isoform expression in the cerebellum of Ts65Dn mouse: a model of
Down syndrome. J Neurosci Res 66:540-550.

Sallés J, Wallace MA, Fain JN. 1993a. Differential eftects of alkylating
agents on the multiple muscarinic receptor subtypes linked to activation
of phospholipase C by carbachol in rat brain cortical membranes. J
Pharmacol Exp Ther 264:521-529.

Sallés J, Wallace MA, Fain JN. 1993b. Modulation of the phospholipase
C activity in rat brain cortical membranes by simultaneous activation of
distinct monoaminergic and cholinergic muscarinic receptors. Brain Res
Mol Brain Res 20:111-117.

Sallés J, Lopez de Jesis M, Goiii O, Fernandez-Teruel A, Driscoll P,
Tobeia A, Escorihuela RM. 2001. Transmembrane signaling through
phospholipase C in cortical and hippocampal membranes of psychoge-
netically selected rat lines. Psychopharmacology 154:115-125.

Shimohama S, Sumida Y, Fujimoto S, Matsuoka Y, Taniguchi T, Tak-
enawa T, Kimura J. 1998. Differential expression of rat brain phospho-
lipase C isoenzymes in development and aging. Biochem Biophys Res
Commun 243:210-216.

Tice MAB, Hashemi T, Taylor LA, McQuade RD. 1996. Distribution
of muscarinic receptor subtypes in rat brain from postnatal to old age.
Brain Res Dev Brain Res 92:70-76.

Wall §J, Yasuda RP, Li M, Ciesla W, Wolfe BB. 1992. The ontogeny of
ml-m5 muscarinic receptor subtypes in rat forebrain. Brain Res Dev
Brain Res 66:181-185.

Wallace MA, Claro E. 1990. Comparison of serotoninergic to musca-
rinic cholinergic stimulation of phosphoinositide-specific phospholipase
C in rat brain cortical membranes. J Pharmacol Exp Ther 255:1296—
1300.

Wallace MA, Claro E. 1993. Transmembrane signaling through phospho-
lipase C in human brain membranes. Neurochem Res 18:139-145.

Watanabe M, Nakamura M, Sato K, Kano M, Simon MI, Inoue Y.
1998. Patterns of expression for the mRNA corresponding to the four
isoforms of phospholipase C( in mouse brain. Eur J Neurosci 10:2016—
2025.

Watson N, Daniels DV, Ford APDW, Eglen RM, Hedge SS. 1999.
Comparative pharmacology of recombinant M3 and M5 muscarinic
receptors expressed in CHO-K1 cells. Br J Pharmacol 127:590-596.

Wei J, Walton EA, Milici A, Buccafusco JJ. 1994. m1-m5 muscarinic re-
ceptor distribution in rat CNS by RT-PCR and HPLC. J Neurochem
63:815-821.

Whitehouse PJ, Lynch D, Kuhar MJ. 1984. Eftects of post-mortem delay
and temperature on neurotransmitter receptor binding in a rat model of’
the human autopsy process. ] Neurochem 43:553-559.

Yamada M, Mizuguchi M, Rhee SG, Kim SU. 1991. Development
changes of three phosphoinositide-specific phospholipase C isoenzymes
in the rat nervous system. Brain Res Dev Brain Res 59:7-16.

Journal of Neuroscience Research DOI 10.1002/jnr



