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Glycine site of the excitatory amino acid
N-methyl-D-aspartate receptor in neonatal and
adult brain
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Abstract
The N-methyl-D-aspartate (NMDA) recep-
tor complex in brain is a glutamate
receptor subtype with several recognition
sites including a glycine site that is able to
modulate and activate allosterically the
receptor. This receptor may be important
in the regulation of developmental synap-
tic plasticity. The release ofglutamate and
consequent overstimulation of NMDA
receptors that foliows hypoxia-ischaemia
leads to brain damage. Brain tissue
obtained at necropsy was studied in a total
of 16 term infants aged less than 1 week to
22 weeks and in four adults aged from 66
to 84 years. Glycine sites were determined
in brain sections by the binding of
the selective ligand [3H]5,7-dichloro-
kynurenic acid and measured by auto-
radiography. In infant brains the amount
ofbinding to the glycine site was higher in
temporal cortex and hippocampus than in
basal ganglia and was also higher than in
comparable areas of adult brain. The
amount of glycine site binding in infant
cortex increased with postnatal age. The
data suggest that infant brain acquires a
relatively high density ofNMDA receptors
in temporal lobe due to postnatal prolifer-
ation of glutamatergic synapses. These
findings have therapeutic implications as
drugs that reduce NMDA receptor func-
tion by blocking the glycine modulatory
site would be pertinent to preventing
brain damage after hypoxia-ischaemia.
(Arch Dis Child 1993; 69: 212-215)
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Glutamate, the major excitatory neurotrans-
mitter, may be responsible for controlling
some physiological processes in the developing
brain including the regulation of neuronal
survival, the production of synapses, and
activity dependent synaptic plasticity.' 2
Glutamate influences neuronal development
by activating specific receptors, principally the
N-methyl-D-aspartate (NMDA) subtype.24
One of the most striking changes in the

cerebral cortex during early postnatal develop-
ment of the human brain is a rapid growth in
dendritic processes and synapses, many of
which are subsequently eliminated during
childhood.5 The idea that glutamatergic
synapses increase postnatally is supported by
neurochemical measurements on infant brains
that found a posmatal increase in cortical and
cerebellar glutamate uptake sites; these are

markers for presynaptic glutamatergic nerve

terminals.67 Further evidence of the role of
glutamate in brain development would be
gained by finding postsynaptic glutamate
receptors which proliferate postnatally. The
NMDA receptor is a candidate because
research indicates it has key roles not only in
the developmental actions of glutamate2 but
also in the physiological mechanisms of learn-
ing and memory where glutamate has a pro-
nounced role.8 9 Glutamate is also noted for
causing excitotoxic damage in the brain and is
released during hypoxia-ischaemia. The types
of brain damage that follow episodes of
ischaemia, hypoglycaemia, and protracted
seizures have been attributed to overstimula-
tion of glutamate receptors, including the
NMDA receptor.10
Much is known about the NMDA receptor,

which is recognised to be a complex structure
with several recognition sites coupled to a
cation channel. "' Calcium ions can enter nerve
cells via the channel, which is normally
blocked by magnesium ions at physiological
resting membrane potentials. Partial depolari-
sation, which may be achieved by glutamate
activating a different receptor, removes the
magnesium block and allows glutamate to
open calcium channels. The rise in intra-
cellular calcium may have deleterious effects
on nerve cells.

Recently a glycine site was uncovered which
is part of the NMDA receptor complex but
differs fundamentally from the usual central
nervous system inhibitory glycine receptor in
being insensitive to blockade by strychnine.'2
Glycine is an obligatory 'coagonist' with gluta-
mate'3 and is able to potentiate allosterically
NMDA responses.'2 14 The minimum require-
ment for NMDA receptor-cation channel
opening in vivo is probably activation of
NMDA and glycine sites plus some membrane
depolarisation to overcome the magnesium ion
block. Our preliminary report suggested that
infants may have more NMDA receptors than
adults.'5 Reduction in neurological and
electroencephalographic abnormalities were
reported in children with hyperglycinaemia
after treatment with sodium benzoate, which
lowered plasma glycine and dextromethorphan
- this blocks the cation channel coupled to the
NMDA receptor.'6 17 There is an ongoing
search for therapeutic agents, including glycine
antagonists, to reduce brain damage resulting
from NMDA receptor activation.'8 In the
present study we investigated glycine sites in
parts of temporal lobe and basal ganglia in
infant brain and compared our findings with
those in adult brain.
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Table 1 Details of the subjects

Death to brainl
Age No freezinig (hours) Diagnosis
Infants (weeks)
< 1 3 48, 24, 72 Subdural haemorrhage

(n = 1), multiple
anomalies (n=2)

5 2 24, 48 SIDS
8 2 24, 24 SIDS (n= 1), interstitial

pneumonitis (n 1)
9 1 48 SIDS
12 4 28, 48, 24, 24 Interstitial pneumonitis

(n= 1), SIDS (n= 3)
18 1 24 SIDS
20 2 24, 24 SIDS
22 1 48 SIDS

Adult (years)
66 1
74 2

24
36 5, 11

84 1 9

Figure 1 3H]5, 7-DCKA binding autoradiographs. (A) Total binding of the ligand in
temporal cortex and hippocampus: autoradiograph preparedfrom a section cutfrom the
brain ofan infant aged 20 weeks. (B) Non-specific binding in an identical section to (A)
measured with 100 AM glycine as displacer. (C) Total binding of [3H15, 7-DCKA in
temporal cortex and hippocampus from brain ofan adult aged 67 years. (D) Total binding
of f3H]5, 7-DCKA in a basal ganglia section from the brain of a 20 week infant. The
darker the area the higher the ligand binding.

Methods
Coronal blocks of brain containing temporal
lobe and basal ganglia were removed at
necropsy. The infants were born at term and
their ages at the time of death were less than 1

week to 20 weeks. Brain tissue was taken from
four adults aged 66 to 84 years. Details of
the subjects are given in table 1. None of
the brains had any apparent pathology.
The tissues were quick frozen in isopentane
at - 50°C and coronal sections were cut
in a cryostat (20 ,um) and were thaw mounted
on glass slides. Sections were labelled with
[3H] 5,7-dichlorokynurenic acid ([3H] 5,7-
DCKA), a potent and selective antagonist of
the NMDA receptor strychnine insensitive
glycine site.19 The sections were first given
two preincubations (45 min) in 50 mM Tris
acetate buffer (pH 8-0) with drying in between
followed by incubation in Tris buffer contain-
ing either a fixed concentration (10 nM) or one

LVF
LVF (n= 1), pulmonary
embolism (n= 1)

LVF

SIDS=sudden infant death syndrome, LVF=left ventricular
failure.

of nine concentrations between 0-44 nM and
115 nM (for saturation binding) of [3H]5,7-
DCKA (18-2 Ci/mmol) for 15 minutes at 4°C.
Duplicate sections were incubated as described
with the addition of 100 ,uM glycine to
measure the non-specific binding. Sections
were washed twice for 10 seconds in 1 litre
volumes of buffer at 4°C, dipped in cold
distilled water to remove buffer salts and dried.
The sections were exposed to tritium film at,
4°C for 16 weeks with tritium autoradiography
standards (Microscales, Amersham). Optical
density measurements were made on the
autoradiographs and the standards with an
image analyser. One area measurement was
made on four total binding autoradiographs
and two on non-specific binding auto-
radiographs. Absolute [3H] 5,7-DCKA binding
values (fmol/mg tissue, in keeping with
Microscales which are calibrated in terms of
tissue weight) were obtained from standard
curves of optical density versus ligand binding.
Saturation binding data from representative
brains were calculated by Scatchard analysis.

Results
A high proportion of the total [3H]5,7-DCKA
bound to brain sections was displaced by
excess glycine (fig 1). For example, the specific
(displaceable) [3H] 5,7-DCKA binding in
temporal cortex (parahippocampal gyrus,
Brodmann's area 28) was 72% of the total
binding in the brain of a 20 week infant and
82% in a 22 week infant. These findings show
that most of the [3H]5,7-DCKA binding was
to the specific glycine site.
The autoradiographs showed pronounced

regional differences in the amount of [3H]5,7-
DCKA bound to brain sections (illustrated
in fig 1). The distribution of [3H]5,7-DCKA
binding within the temporal cortex was
uneven, especially in infant brain sections, with
deep layers of the cortex having high glycine
site binding.
The [3H] 5,7-DCKA quantitative binding

data measured on the autoradiographs (table
2) show that in rank order the cortex and
hippocampus of infant brain contained the
most [3H]5,7-DCKA binding. In the basal
ganglia the caudate and putamen had more
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Table 2 Specific [I]5,7-D
in areas of infant and adult b:

In

L

1 1

Brain area

Caudate nucleus
Putamen
Globus pallidus
Ventral thalamus
Amygdala
Hippocampus
Temporal cortex BA4 1
Temporal cortex BA22

BA=Brodmann's area.

glycine site binding th,
The amounts of sj

binding were measure

temporal cortex from I

brains (fig 2). Regressi4
in the infant brains ti
DCKA binding was r(

(r=0-5324, p=003). I
correlated with postm
tissue storage times.
[3H]5,7-DCKA bindin
serial temporal cortex s

Although ligand bindin
the maximum ligand bi
in fmol/mg tissue were
< 1 week) and 219 and
weeks), compared with
125 fmol/mg tissue in
these data are insufficie
tion, they appear to sh
in the numbers of glyci

Discussion
We have found pronour
in the amounts of g
developing brain, whi
brain areas produce n
and therefore have mor
than others. For exams
binding in globus pallic
date nucleus and putam
globus pallidus normall'
matergic nerve termina
transient perinatal inn

the conspicuously hig
DCKA in the deep laye
similar tendency towarc

O' 250

200

V0

CD 100

:-._

0

.

*15~0
10

Weeks

Figure 2 The specific bindin
temporal cortex from individu

CKA bindingfmollmg tissue cortex does not tie in with the intracortical dis-
rains tribution of another NMDA receptor complex
?fant brain marker [3H]MK-801, which is a ligand for the
nean (SEM) of Adult brain NMDA-coupled ion channel phencyclidine
2-16 infants) (n=2) site.21 Although others reported that glycine and
41-7 (12-1) 48-0, 58-4 phencyclidine sites had similar distributions in
3802 (542) 5351, 5359 human hippocampus,22 this is not always the10-9 (4-2) <:50, <5-0
37-7 (7-4) <5-0, <5-0 case in brains of experimental animals.23 Until
619 (141) 53-4 53-4 further studies are made, it is probable that10-9 (17-5)
45-3 (8-3) - some of the properties including the relative
33-4 (13-5) 59-6, 50-2 affinities of the glycine and phencyclidine sites

are different in various parts of brain24 despite
the fact that both sites are part of the same

an the globus pallidus. NMDA receptor complex.
pecific [3H] 5,7-DCKA Our data show that much of the glycine site
d in the same area of binding is acquired during early postnatal
16 infant and two adult development and coincides with the produc-
on analysis showed that tion of NMDA receptors and glutamatergic
le amount of [3H1 5,7- synapses.2 6 15 Other workers found that frontal
elated to postnatal age cortexNMDA receptors increased sharply after
Ligand binding was not birth, peaked in children between 1 and 2 years
ortem delay times and of age and then slowly declined.25 We reported
Saturation analyses of earlier that glutamatergic nerve terminals in
Lg were made on sets of infant cerebral cortex began to develop rapidly
,ections from six brains. after birth and eventually exceeded the
Ig affinities did not vary, numbers in adult cortex.6 These time courses
inding capacities (Bm.) agree with the timing of the general production
56 and 66 (two infants of synapses in many parts of brain during
226 (two infants age 12 infancy and early childhood, which is a striking
i Bm values of 63 and feature of developing human brain and is fol-
adult brains. Although lowed by much slower pruning ofsome exuber-
!nt for statistical evalua- ant synapses through later childhood into
Low a postnatal increase adolescence.5 Of course, tissue expansion as
ne sites in infants. the brain grows may affect our data and the

higher binding of [3H]5,7-DCKA in cortex of
infants compared with adults could be the
result of closer packing of neurons. However,

aced regional differences we found that [3H] 5,7-DCKA binding levels
Olycine site binding in were similar in infant and adult cerebellar cor-
ch suggests that some tex (unpublished data), suggesting that tissue
nore NMDA receptors expansion plays little part in postnatal receptor
e glutamatergic synapses changes.
)le, low [3H]5,7-DCKA Given the limitations of delay in obtaining
lus compared with cau- brain tissue after death and subsequently
ien is consistent with the storing it at low temperature, our results reflect
y having few ifany gluta- the ontogeny of NMDA receptors with a
ils apart perhaps from a glycine binding site. Some loss of receptors
iervation.20 In contrast, may have taken place after death but this was
h binding of PH] 5,7- reduced by obtaining brain tissue at necropsy
rs of infant cortex and a within 72 hours of death.26 Further receptor
is heterogeneity in adult loss by lengthy storage at -70°C has been

ruled out,27 and the results reported have con-
firmed our (unpublished) observations that
receptor numbers and affinity are not signifi-
cantly affected. None of the brain tissue kept in
our 'bank' is stored longer than two years.
We have considered two further sources of

error in our observations on receptor binding
* that might have influenced developmental
* changes: first, differences in myelination

between age groups, and second, prolonged
. hypoxic-ischaemic insult in individuals who

died. Differences in myelination are to be
expected but no attempt was made to compen-

di sate for 'tritium quenching' in white matter as
20 60 80 measurements were taken in grey matter only.

Years The case history and necropsy findings were
Ages reviewed in each subject whose brain tissue

xgofpH]S,7-DCKA in was studied. As there was no evidence of
tal infant and adult brains. prolonged hypoxia-ischaemia it is unlikely that
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a similar insult had caused acute changes in
receptor binding.
The present findings suggest that the con-

centration of NMDA receptors is greater in
infant than in adult brain temporal cortex and
there are pronounced regional differences
between temporal cortex, hippocampus, and
basal ganglia in infant brain. As developing
brain has high glycine site binding it may turn
out that infants are highly responsive to glycine
antagonists, which may therefore be valuable
as neuroprotective agents in the management
of babies recovering from birth asphyxia. In
experimental studies such compounds attenu-
ated brain damage produced by excess NMDA
activation due to hypoxia-ischaemia in
neonatal rats.28 Further studies are required to

investigate whether in infant brain NMDA
receptor density equates with the severity and
distribution of hypoxic-ischaemic, hypogly-
caemic, or seizure related damage.
There is a search for therapeutic agents

which can alter NMDA receptor function and
agents affecting the glycine site and the
phencyclidine site (dizocilpine, MK-801) of
this receptor are prime candidates. In a

previous report we presented data on MK-80 1
binding in developing brain from 20 weeks
after term to adult life.15 Substances active at
the phencyclidine site including MK-801 are

seen as potential anti-ischaemia agents29 but
their psychotomimetic actions in man may

restrict their use. Glycine site antagonists may

reduce NMDA receptor function and several
glycine site antagonists have been described
including kynurenic acid, 7-chlorokynurenic
acid, and HA-966.30 The combined glycine
and NMDA receptor regulation of the NMDA
channel in neurones was suggested to be like a

two key lock where both sites are needed to
open the channel to cations.31 Therefore like
MK-801 the glycine site antagonists are seen

as having therapeutic potential in limiting
brain damage after cerebral ischaemia.29 32
The need to investigate the use of such drugs
in future is illustrated by data showing that
with present management of neonatal hypoxic-
ischaemic encephalopathy the proportions
handicapped in later childhood in moderate
and severe cases are 25% and 75%
respectively.33
We thank Action Research for financial support.
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