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Histochemical study of the pre- and postnatal develop-
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ABSTRACT

The distribution of acetylcholinesterase (AChE)-
positive structures in the developing rat spinal cord
was studied with AChE-histochemistry. AChE-positive
perikarya were first seen on embryonic day 14 (E14) in the
ventrolateral portion of the spinal cord. From that time
onward, AChE-containing cells appeared gradually in the
intermediate gray, dorsal horn and lateral spinal nucleus
of the spinal cord in a ventral-to-dorsal, and lateral-to-
medial order. No obvious rostral-to-caudal sequence was
found. At birth, the distribution pattern of AChE-positive
perikarya was basically similar to that in adults. After
birth a dramatic increase in the AChE staining intensity
extended from postnatal day 5 (P5) to postnatal day 21
(P21). In addition, two phases of transient AChE staining
were observed in the external surface of the dorsal horn
from embryonic day 15 (E15) to embryonic day 21 (E21)
and in the marginal layer from embryonic day 21 (E21) to
postnatal day 14 (P14), respectively.
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Both biochemical and histochemical studies have shown that AChE is mainly
present in the gray matter of adult spinal cord [1-3]. Biochemical assays[4-6] have
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demonstrated that AChE appears at early fetal life and the increased AChE ac-
tivity in later fetal life has been correlated with the morphological development of
neurons in the embryonic spinal cord. To our knowledge, histochemical study of
the ontogeny of AChE-containing cells in the spinal cord is very scarce, except a
brief report presented by Kasa[5], although histochemical analysis has some advan-
tages that biochemical analysis does not have. For a better understanding of the
development of the AChE-containing neurons, we have attempted to elucidate the
ontogenetical development of this enzyme in the rat spinal cord using the AChE
histochemical method.

MATERIALS AND METHODS

Male and female Sprague-Dawley rats were caged together overnight and vaginal smears were
analyzed on the following morning, the day of positive sperms was designated as embryonic day
1 (E1). Birth usually occurred on E22 or E23. At least 6 specimens obtained from three litters

were examined from each of the following times: E12, El3, E14, E15, E16, E17, E18, E19, E21,
postnatal day (P)1, P3, P5, P7, P10, P14, P20, P30 and P90 (adult). One third of the postnatal
rats were pretreated with diisopropylfluorophosphate (DFP) (1 mg/kg injected subcutaneously for
P1-P14 rats, 2 mg/kg intramuscularly for P20-P90 rats) 10-12 h before perfusion. Fetuses of 17
days gestation or less were removed from the uterus and immediately immersed in ice cold (4°C)
4% paraformaldehyde in 0.1 M/ phosphate buffer (pH 7.4) for 5 h or dissected out following rapid
transcardial perfusion of the pregnant dam with fixative and immersed into a further solution of
the same fixative for 3-5 h. Fetuses of E18, E19, E21 and postnatal pups were perfused through the
heart with the same fixative and then postfixed for 2-3 h. Following fixation, the rat spinal cord was
transferred into 0.1 M/ phosphate buffer containing 20% sucrose overnight. Coronal sections at 20
4m were cut on a cryostat and the sections mounted on gelatin coated slides. Most specimens were
stained for AChE using the Mesulam modification of Karnovsky and Roots method[7]. The sections
were first washed in 0.014/ PBS and incubated at room temperature for 3 h in a medium (pH 5.0)
containing 4 mM acetylthiocholine iodide, 10 mAM glycine, 2.mM copper sulfate, 50 m}/ sodium
acetate and 0.2 mM ethopropazine hydrochloride. After incubation, the sections were rinsed in 0.1
M acetate buffer (pH 6.0) and then reacted in 10% potassium ferricyanide solution for 2.5 min.
washed in acetate buffer, and routinely converslipped. At each age before P5 two specimens were
also processed for AChE histochemistry according to Karnovsky and Roots method as modified by
Tago et al[8]. Sections were pretreated with 0.1% hydrogen peroxide for 30 min before staining
procedure, then rinsed in maleate buffer (pH 6.0) and incubated for 2-3 h in Karnovsky and Roots
medium at a dilution of 1:50. After extensive rinsing, the sections were incubated for 5 min in a
solution containing 0.04% 3,3 -diaminobenzidine and 0.3% nickel ammonium. Then a solution of
H,0, was added to a final concentration of 0.003% and sections incubated for another 10 min.

At each age, separate sets of sections for controls were reacted in the presence of 107> M es-
erine salicylate which selectively inhibits cholinesterase or with omission of the acetylthiocholine
substrate.

RESULTS

No remarkable differences between the two AChE staining protocols used in this
study could be detected. TheMesulam modification of Karnovsky and Roots method
permitted usto observe the variations of the AChE staining intensity, whereas the
sections stained according to Tago et al procedure enabled us to take clear black
and white photographs.
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No AChE-positive staining was detected in the spinal cord before E14. However,
at E12 and E13, AChE-positive staining was observed in the dorsal root ganglions
and the dorsal part of boundary cap. At E14, very faintly stained AChE neurons
were first detected in the lateral portion of the ventral horn throughout the length of
the spinal cord (Plate I A). At this stage, the shapes of the AChE-positive cells could
hardly be clearly delineated. On E15, the AChE-positive cells extended dorsally into
the intermediolateral nucleus of the thoracolumbar segment (Plate I B ). By E17, the
AChE-positive structures identified at the foregoing stages increased in cell number,
yet were still weakly stained. At this stage, a small number of AChE-positive cells
were newly found in the medial portion of the ventral horn and the intermediome-
dial nucleus (Plate I C). At E19 the staining intensity of AChE in the ventral horn
and intermediolateral nucleus increased, and the AChE reaction product could be
traced into the proximal axons of the motoneurons (Plate I D). In addition, a narrow
AChE-positive band formed between intermediolateral nucleus and intermediome-
dial nucleus, and newly appeared AChE-positive cells were visualized in the central
gray matter (Plate I E). At E21 and P1, AChE-positive cells made their appearance
in the dorsal horn (layers I-IV), lateral cervical nucleus and lateral spinal nucleus
(Plate I F, Plate II B). During this period, the delimitations of AChE-positive cells
began apparent (Plate I F, Plate II A). At P7, the superficial layers (layers I and
ID) of the dorsal horn acquired a faintly stained AChE band and the neuropil in the
spinal cord was also stained weakly (Plate II E). Thereafter, there was a dramatic
increase in the staining intensity of both AChE-positive perikarya and neuropil. At
P10, the AChE-positive band in the dorsal horn could be readily observed (Plate 111
F). At this stage the whole spinal cord gained a widespread staining, it was difficult
to distinguish the AChE-positive cell bodies from fibers in non-DFP-treated speci-
mens. It was seen that the increase in AChE staining intensity was chiefly due to
the increase in neuropil through comparison between the DFP-pretreated specimens
and non-DFP-treated specimens (Plate III F, G, H). However, the AChE-positive
perikarya in the dorsal horn increased only slightly in their staining intensity and
retained the weak staining until adulthood. By P20, the distribution pattern and
staining intensity of AChE-positive structures in the spinal cord were almost similar
to those seen in adult. (Plate III J, K).

Two phases of transient AChE staining in the ontogeny of the spinal cord were ob-
served in the present study. At E15, the AChE-positive structure that was originally
found in the position of the dorsal part of boundary cap shifted medially along the
external surface of the dorsal horn (Plate I B). By E17, it formed an AChE-positive
band on the surface of the dorsal horn (Plate I C). At E18, this band had completely
ingressed into the dorsal funiculus (Plate I D, E). By E21 to P1, this AChE-positive
staining band became undetectable histochemically (Plate I F). Almost at the same
time, another transient AChE-positive staining appeared in the marginal layer of
dorsal horn (Plate II B). Unlike other AChE-positive cells in the spinal cord that
gained a discernible increase in staining intensity about one week after appearance,
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these cells were stained moderately for AChE once occurred. Their staining inten-
sity did not change markedly during the period of their existence. But these cells
were heterogeneous in cellular density from clustered cells to solitary cell (Plate II
B-E, Plate III F-H), which could be found among pups and at different levels of the
spinal cord in the same pup. At P14, the transient AChE-positive cells began to
decrease in number (Plate III), and by P21, disappeared completely.

DICUSSION

The present study demonstrated that AChE-positive cells in rat spinal cord ap-
peared progressively in a ventral-to-dorsal, lateral-to-medial order during the on-
togeny, but no obvious rostral-to-candal order could be found. These results were in
agreement with other studies concerned with neurogenesis and physiological devel-
opment. Studies on neurogenesis[9-13] have well shown that the spinal cord develops
in a ventral-to-dorsal order, with motoneurons being the first cells to occur, followed
by interneurons, and finally the small nerve cells of the dorsal horn. Physiological
development follows a similar sequence. It has been shown that spontaneous motility
occurs earlier than reflexogenic movements[14,15]. However, there remains a dispute
about the sequence of neuronal differentiation between the lateral motoneurons and
the medial ones. Altman and Bayer[9] showed that the lateral motoneurons were
developed before the medial ones both quantitatively and qualitatively. However,
Fuyjita[10] showed a reverse sequence that the medial motoneurons are born first, and
still other studies[12] showed no significant difference in the generation sequence be-
tween medial and lateral motoneurons. In the present work, the resuits seemed to
support the lateral-to-medial development gradient based on the observation that
the cells demonstrated AChE reaction product in a temporal sequence similar to that
of differentiation. It has been shown by Altman and Bayer that a rostral-to-caudal
gradient existed in the production of motoneurons[9]. This gradient, however, was
not found in the study presented here. One cause of the discrepancy may be that the
magnitude of the temporal differences at different levels is so small (only one day)
that the differences in the appearance of AChE were not detectable appreciably by
histochemical method.

It has been reported that AChE could be detected biochemically very early in
ontogenesis[4,6], as early as at E9 reported by Kasal5]. After its occurrence in
the spinal cord, AChE showed a steady increase in enzyme activity until P21. In
contrast to the biochemical assays, the present study showed the histochemically
detectable AChE activity first occurred at E14. The difference between biochem-
ical and histochemical results may be due to the partial inactivation of the en-
zyme activity by histochemical process. An alternative interpretation is that the
spinal cord samples used in biochemical analysis may include the dorsal root gan-
glia and boundary-caps which showed AChE positive reaction product earlier than
the spinal cord as a whole. According to the present work, the increase in AChE
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activity before P5 is mainly contributed by perikarya, and from P5 to P21 chiefly
by neuropil. In addition, Phelps et al[16] have studied the postnatal development of
choline acetyltransferase (ChAT)-immunoreactive cells of the spinal cord in which
they showed that at birth the somatic and visceral motoneurons gained a moderate
ChAT-immunoreactive staining, while the ChAT-immunoreactive cells in the central
gray matter and dorsal horn were stained only weakly. The ChAT-immunoreactive
intensity gradually increased up to P21 when these cells acquired adult-like staining
property. A comparison between the results of Phelps et al's and ours showed the
two main elements of cholinergic system in the spinal cord developed at a similar
pace at least after birth.

In addition to confirming the transient AChE expression in the marginal layer
cells first described by K asa[5] with more details and some differences, the present
study also demonstrated another transient AChE expression which is related with
fibers. Besides, the transient AChE appearance during ontogenesis has also been ob-
served in thalamus[17], visual cortex[18], auditory cortex[20] and so on. Even though
some functions other than acetylcholine degradation have been proposed for AChE in
the developing nervous system[20], no direct evidence has yet been available to define
its role clearly in ontogenesis. The transient expression on AChE in somatostatin-like
immunoreactive neurons in stratum orients of the mouse hippocampus showed by
Forloni et al[21] and co-expression of transient ChAT-immunoreactivity and AChE
in Purkinje cells of the rat cerebellum demostrated by Gould and Butcher[22] have
thrown some light on this problem. Since the transient AChE staining appears in
various areas of the central nervous system, only one explanation about its role in
the development is not adequate. We think that the transient appearance of AChE
in the external surface of the dorsal horn and the dorsal funiculus may be related
with the morphogenetic maturation of the fasciculi cuneatus and gracilis, perhaps
unrelated to the growth guidance of these fibers, because the shift process to medial
aspect of this transient AChE staining always occurs later than the growth of dorsal
funiculus. Altman and Bayer have reported that the dorsal funiculus ascending zone
appeared at E17 and the growth of ascending dorsal funiculus fibers is largely com-
pleted on E18[9]. With regard to the transient expression of AChE in the marginal
layer, it may be reasonable to consider it as a developmental vestige, because of its
heterogeneity in distribution among the pups and different levels of the same pup.
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PLATE 1

AChE-positive strucutres stained with Tago et al procedure in the
spinal cord at the following ages:

A) E14 cervical level,

B) E15 thoracic level;

C) E17 thoracic level;

D) E18 cervical; level;

E) E19 cervical level;

F) E21 cervical level. In the gray matter, AChE-positive stain-
ing appears in a ventral-to-dorsal, lateral-to-medial gradient. Note the
AChE-positive staining, originally found in the position of the dorsal
part of boundary cap shifted medially along the external surface of the
dorsal horn and disappears by E21.

Large arrow indicates dorsal direction, small long arrow points
medially. Scale bar: 100u#m. bc (boundary cap); DRG (dorsal root
ganglion); ILN(intermediolateral nucleus); IMN (intermediomedial nu-
cleus); LCN(lateral cervical nucleus); vh(ventral horn).
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Plate 11

AChE-positive cells and fibers demostrated with Mesulam modifi-
cation except C taken from a section stained with Tago et al procedure
in the spinal cord after birth.

A) AChE-positive cells in the ventral horn at cervical level at P1.

B) AChE-positive cells in the dorsal horn and lateral spinal

nucleus of thoracic spinal cord at P1.

C) AChE-positive structures in the cervical spinal cord at P3.

D) AChE-positive cells in the cervical spinal cord at P5 with

DFP pretreatment.
E) AChE-positive structure in the thoracic spinal cord at P7.
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Plate 111

F) AChE-positive structures in the cervical spinal cord at P10.

G) AChE-positive cells in the thoracic spinal cord at P10.
with DFP pretreatment

H) AChE-positive cells in the lumbar spinal cord at P10 with
DFP pretreatment.

I) AChE-positive structures in the thoracic spinal cord at P14.

J) AChE-positive cells in the thoracic spinal cord at P20
with DFP pretreatment.

K) AChE-positive structures in the thoracic spinal cord at
P20.

Large arrow indicates dorsal direction, small long arrow points

medically, vh(ventral horn). Scale bar:50 #gm in A,B; 100 #m in C-K.
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