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YANAL J., M. ABU-ROUMI, W. F. SILVERMAN AND R. A. STEINGART. Neural grafting as a tool for the study and reversal of
neurobehavioral birth defects. PHARMACOL BIOCHEM BEHAYV 55(4) 673-681, 1996.—The transplantation of fetal neurons has gained
notoriety in recent years for its perceived potential to reverse neurological deficits caused by loss of one or another neuronal population. The
present paper describes a neural grafting approach employed by our laboratory to gain more insight into the drug-induced neurobehavioral
teratogenicity. Mice were exposed prenatally to phenobarbital by feeding the barbiturate to the pregnant dam on gestation days 9-18. Heroin
exposure was accomplished by injecting dams during the same gestational period. At maturity, the drug-exposed offspring displayed profound
deficits in specific behavioral tasks, suggesting alterations in the septohippocampal cholinergic pathway. Biochemically, we observed increased
presynaptic activity in the pathway, which was not accompanied by a corresponding reduction in postsynaptic activity. Rather, there was a
general hyperactivation along the different postsynaptic phases. In contrast, we noted a desensitization of protein kinase C activity in response
to the exposure of a cholinergic agonist to the drug-exposed offspring. Subsequent transplantation of embryonic cholinergic cells from normal
mice to the impaired hippocampus reversed the behavioral deficits, whereas sham-operated controls exhibited no improvement. Concomitantly,
all the biochemical alterations studied, both presynaptic and postsynaptic, were either partially or completely reversed following grafting. Copy-
right © 1996 Elsevier Science Inc.
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Most early studies of behaviqral teratology were descriptive only, fulfill- reaching this goal was the establishment of an animal model
ing the necessary first requirement in a new field. The obvious next  of neurobehavioral teratogenesis developed and refined in our
step is to ascertain the pathways from.the early input to the behavioral laboratory in recent years. As expected, we encountered the
a.lterauons which will, hopefully, facilitate future studies on the preven- inherent methodological obstacle that most drugs, including
’,’0’;"” reversal Ohf the effect of ‘?“;ly exp;”" etothe S”bs'“”cejdesbplec’;”y potential teratogens, act at numerous sites in the brain, simul-
in those cases when exposure is deemed necessary or unavoidable (73). taneously affecting many regions, neural pathways and trans-

mitter systems and consequently causing multiple behavioral

. . . deficits. However, focusing on prenatal drug-induced deficits
THE ultimate objective of neurobehavioral teratology (or be- in defined behaviors, which can at least in part be related to

havioral teratology, as it has been previously Fleﬁnegi) 1s to specific brain regions and/or biochemical processes, has greatly
understand the mechanism(s) underlying behavioral birth de- reduced this problem. Our model describes the effects of early
fects and to establish interventions that can reverse them. The exposure to drugs on behaviors that, based on previous studies,
increasing accessibility of these goals is due to the availability may be partly mediated by the hippocampus and especially
of models in which specific behavioral deficits and their related by its septohippocampal cholinergic innervation. The well-
neural alterations are being investigated (81) and the develop- defined nature of the behavioral and biochemical changes
ment of new strategies for the reversal of behavioral deficits, observed in this model, therefore, provides the basis for ob-
including neural grafting. An important first step toward taining a detailed understanding of distinct stages in the devel-
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opment of drug-induced behavioral deficits even while many
other processes and behaviors are also probably altered
(49.75.77.79). As a consequence. it becomes more feasible (o
attempt to reverse these deficits, at least partially. In the pres-
ent study, heroin and phenobarbital were employed for their
neuroteratogenic properties (14.51) and action in different
brain regions and innervations, which are similar in that both
act at the septohippocampal cholinergic synapse in the devel-
oping (81) and mature (43.,58) brain.

In the studies described here, exposure of mouse embryos
in utero to these drugs produced a reproducible, quantifiable
behavioral deficit that s partly correlated with septohippocam-
pal cholinergic innervations. Therefore, possible changes in
these innervations were concomitantly ascertained. Moreover.,
the nature of the observed neurochemical alterations sug-
gested that the deficit might be reversed by exposure of the
affected hippocampus to normal cholinergic neurons. Al-
though described for the first time in the late 19th century (67).
neural transplantation as an approach for studying nervous
system development and as a therapeutic strategy in neurolog-
ical disorders did not gain broad scientific acceptance until
nearly a century later. The key breakthrough in this field
occurred in 1979, when two research groups simultancously
reported the reversal of parkinsonian motor deficits in a rat
model of the disease by grafting dopamine-producing tissuc
(7.47). Neural grafting differs from somatic organ transplants
in that, except in rare circumstances. the donor cells must be
immature, i.e., embryonic or fetal, when the recipient is an
adult. For reasons that are still not completely understood,
mature central nervous system (CNS) neurons retain little
of the plasticity exhibited by their embryonic predecessors.
However, because the brain is relatively immunologically priv-
ileged, neural cells can be grafted without the need for immu-
nosuppression to prevent rejection. In fact, embryonic neural
tissues can be grafted between species with relatively little
rejection (46,57). Human embryonic tissue has, for example.
been successfully grafted into a rodent brain (78) and can
even reverse functional deficits in the host brain (28). Because
of the prodigious complexity of the brain. neural grafting is
normally used to address specific well-defined deficits. for ex-
ample, to replace one or another chemical transmitter. The
treatment of Parkinson and Huntington diseases presents an
applicable case (30). However, the increasing appreciation
of the role of trophic factors in developing and maintaining
appropriate neuronal interactions, particularly thosc involving
cholinergic neurons (16), suggests that transplants could be
used to address a broader range of problems.

In addition to its still-evolving clinical application in the
treatment of neurological disease (30), the neural transplanta-
tion approach is widely used experimentally as a probe to
explore issues of neural development and regulation (62.64).
Transplantation of neural tissue has been shown to reverse
genetic and experimentally induced behavioral deficits. Virtu-
ally all major types of neurons have been successfully trans-
planted. However, reversing prenatally induced neural birth
defects with this technique has received limited attention.
which may be related to a lack of models rather than to lack
of feasibility. For this reason, the studies presented here focus
on deficits in behaviors whose proper expression is greatly
dependent on the integrity of the hippocampus and more
specifically on the septohippocampal cholinergic innervations,
thus providing a workable model of a drug-induced neural
birth defect (31.39). Obviously, truly region-specific behaviors
do not exist, and other loci in the brain have also been impli-
cated in relation to our behaviors (15). However, the principal
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role of the hippocampal cholinergic innervations in these be-
haviors has been well established. As a result of this model,
achieving a deeper understanding of the early drug-induced
neurobehavioral alterations and generating strategies for re-
versing these became feasible. Similarly to neural grafting, the
pharmacological approach is an important tool in the study
of neurobehavioral birth defects. Applying this approach with
neural grafting provides further understanding of the neurobe-
havioral deficits and of their reversal. However, although phar-
macological treatment only provides transient reversal of the
deficits, neural grafting permanently restores, partly or totally,
a normal neurobehavioral state.

To reverse the drug-induced behavioral and biochemical
alterations, septal cholinergic neurons from non-drug-exposed
mice were implanted bilaterally into the hippocampus of ma-
ture mice exhibiting the behavioral deficits. Neural grafts of
fetal tissue can ameliorate or reverse physiological and behav-
joral deficits (3.7,17) in a host of experimental paradigms. Not
surprisingly, because of the typically comprehensive nature of
the behavioral deficits observed, few studies have looked at the
effect of neural grafting in substance-induced teratogenesis.
However, the development of relatively “region- and process-
specific” models ot behavioral birth defects raises the possibil-
ity of reversing the deficits by neural grafting. These results
and the findings of our experiments provide the rationale for
further studies that would elucidate the underlying mecha-
nism(s) of substance-induced neuroteratogenesis.

The present article presents our findings on behavioral
deticits and concomitant alterations in the septohippocampal
cholinergic innervations after prenatal exposure to heroin and
phenobarbital. Previously published data will be reviewed and
preliminary findings will be described.

MATI:RIALS AND METHODS
Cieneral

Genetically heterogencous HS/Ibg mice (33) were used as
parents because this strain reproduces well, even under drug
exposure, and because the large gene pool possessed by this
stock allows for the generalization of effects. Animal mainte-
nance and animal experimentation were in compliance with
the NIH Guide of Care and Use of Laboratory Animals. The
mice were housed in mating groups of one male and four
females. Females were checked daily and those that conceived,
as shown by the presence of a vaginal plug (gestation day . or
GD1). were housed with other pregnant females. The mouse
offspring (the subjects of these experiments) received pheno-
barbital or heroin prenatally via the placenta. Drug adminis-
tration commenced on GD9 and was continued until GD18.

Prenatal Drug Administration

Prenatal phenobarbital administration (54). Treated fe-
males received milled mouse food containing 3 g/kg phenobar-
bital in acid form as their only food source and water, both
available ad libitum. Control femaies received milled food and
water. Under this regimen, the animals consumed the drug at
fairly regular intervals throughout most of the day and night,
resulting in relatively consistent blood—phenobarbital concen-
trations during the drug administration period. The control
groups, for both phenobarbital- and heroin-consuming dams,
included a pair-fed control. This control did not differ from
controls consuming food ad libitum because monitoring of
food consumption revealed no phenobarbital or heroin effect
on maternal food intake.
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Prenatal heroin administration (80). Heroin (diacetylmor-
phine), the major “street” opiate, is far less commonly used in
neuroteratological research than is morphine. It was prepared
from morphine hydrochloride (10 g; Sigma, USA) dissolved
in pyridine (30 ml) and acetic anhydride (30 ml). The solution
was concentrated until dry under reduced pressure; the resul-
tant oily syrup was dissolved in methanol and further evapo-
rated. The subsequent solid was dissolved in chloroform, dried
over magnesium sulfate, filtrated and evaporated. The oils
were dissolved in carbon tetrachioride and cooled, and HCl gas
was allowed to pass through. The solution was then evaporated
and crystallized by cooling from a mixture of ethyl acetate
and petrol ether (78:20). Both the infrared spectrum and the
melting point obtained correspond with the literature (71).
Pregnant females received a single, daily subcutaneous injec-
tion of 10 mg/kg heroin in saline solution (10 ml vehicle/kg).
Control females received vehicle injections only. On GD18
the drugs were withdrawn, and the females were housed indi-
vidually and returned to standard laboratory conditions with
a regular feeding regimen.

Both control and treated offspring were fostered within
24 h after birth by control females. They were weaned at age
25 days, segregated according to sex and maintained in groups
of five. Behavioral and/or biochemical testing usually started
at 50 days of age. Animals employed in transplantation studies
received the graft at 35 days of age and were studied approxi-
mately 2 months later. Female and male offspring were used
in equal numbers.

Statistical analysis and considerations. Analysis of variance,
single or multiple level with repeated or nonrepeated mea-
sures, was applied in most cases with ad hoc tests (72). When
appropriate, the nonparametric chi-square and exact probabil-
ity tests were used (59). No effect of sex could be determined
from the statistical analysis; therefore, the scores were pooled
across sexes. To prevent bias due to litter effects, the experi-
ments were designed such that no two pups from the same
litter were ever used for any one experiment. However, in
some experiments in which homogenate comprised of several
hippocampi was considered one unit (e.g., Scatchard plots),
we did allow the employment of more than one offspring per
litter within the same homogenate.

Cellular Procedures

The methods will be described for those variables that were
subjected to neural grafting and whose findings, being still
preliminary, have not been published previously. The methods
will be briefly described to emphasize our modification of
established procedure.

Neural grafting. Our method is a modification of the one
described by Rogel-Fuchs et al. (55). Brains of 15-day-old
embryos were rapidly removed and the septal-diagonal band
extracted by dissecting the ventral forebrain from the rostral
border of the hypothalamus caudal to the olfactory bulb. The
2-mm tissue pieces were pooled from 20 embryos and trans-
ferred to a small glass tube (6 X 12 mm) containing the volume
of saline glucose (0.6%) necessary for implanting tissue from
one embryo into each graft recipient. Tissues were then gently
triturated by repeated pipetting in fire-polished pipettes. We
found this procedure advantageous because of the functional
outcome and increased viability of cell suspensions produced
without trypsin. The number of viable cells in the suspensions
were assessed periodically with the acridine orange-ethidium
bromide method described by Brundin et al. (9).

For transplantation, recipient and control mice were anes-
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thetized with pentobarbital, and the cell suspension or medium
only (2-5 pl) was injected stereotaxically into the hippocampus
on both sides. The following coordinates were used: 1.8 mm
posterior to Bregma, =1.5 mm lateral from the midline and
1.7 mm below the calvarium (21,76). Two months after surgery,
a sample of mice from each group was perfused intracardially
with 75 ml of 4% paraformaldehyde, 0.05% glutaraldehyde
and saturated picric acid in 0.1 M phosphate buffer (pH 7.4).

Immunocytochemical and histochemical procedures. Sur-
vival and localization of grafted neurons were assessed by
avidinbiotin-horseradish peroxidase (HRP) immunocyto-
chemistry for choline acetyltransferase (ChAT) with a pre-
viously described protocol (10). After sectioning on a vibrating
microtome, the 50-um sections were incubated sequentially
in a blocking solution containing 10% normal horse serum
and 0.5% Triton X-100 in phosphate buffered saline (pH 7.2),
the monoclonal antibody to ChAT (1:1000; Boehringer-Mann-
heim GmBH, Germany), biotinylated goat antimouse IgG,
and the avidin-biotin-HRP solution. Visualization of labeled
antisera was accomplished with 3,3’ diaminobenzidine and
0.05% nickel aluminum sulfate in 0.1 M Tris-imidazole buffer
(pH 7.2) and 0.003% hydrogen peroxide.

Behavioral and Biochemical Tests

Eight-arm maze. Our radial eight-arm maze is a scaled
down version (48) of the original maze developed by Olton
and Samuelson (45) for rats. The major modification in our
test procedure is the use of water deprivation and reward
of 50 ul of water presented at the end of each arm. Water
deprivation was achieved for 7 days by limiting water con-
sumption to 30 min each day. The offspring were tested for
6 consecutive days. The animals were observed until they had
made entries to all eight arms or until they had completed 16
entries (whichever came first). The following variables were
recorded: the number of correct entries within the 16 visits
(maximum = 8), the number of correct entries within the first
8 visits and the number of days needed to reach the “correct
response,” i.e., 8 correct entries out of the first 8 entries for
2 consecutive days.

Morris water maze test. This test is also our mouse adapta-
tion (54) of the procedure developed by Morris for rats (35).
The pool was scaled down to 80 cm in diameter and the
platform (5 X 8 cm) was placed 1 cm under the water surface.
The place test consisted of two blocks of four trials on each
day for 4 consecutive days and one block of four trials on the
fifth day (39). For each trial, the mouse was given 60 s to
reach the platform and climb on it, and the latency was re-
corded. Four trials of the spatial probe test were applied on
the fifth day.

[PHJHemicholinium-3 (HC-3) binding. This method was
described in a previous report (83) and is based primarily
on the method by Vickroy et al. (68). A tissue membrane
preparation (approximately 0.15 -0.5 mg protein) in a final
volume of 0.2 ml of ice cold S0 mM glycine-glycine buffer was
incubated with a ligand in a concentration range of 0.125-5.00
nM. The nonspecific component is defined as radioligand bind-
ing in the presence of an excess concentration (0.01 mM) of
hemicholinium-3 and is typically 30% of the total. Binding
values are calculated as femtomole bound per milligram of
protein.

Inositol Phosphate (IP) formation. This procedure (54) is
based on that by Berridge et al. (5). The hippocampal slices
were incubated in Krebs Ringer’s bicarbonate buffer con-
taining 0.3 mM [*H]inositol. IP formation was induced by 20
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mM KCl alone, KCl in the presence of 1 mM physostigmine,
with the addition of 1 mM carbachol, or by carbachol alone.

Protein kinase C (PKC) activity. This assay (Steingart et
al., unpublished observations) is based on one by Kikkawa et
al. (24). Hippocampi were homogenized in a 0.25-M sucrose
buffer and incubated for 60 min in sucrose buffer containing
0.2% Triton X-100. Cytosol and membrane fraction were sepa-
rated by centrifugation. Histon type IlIs were added to the
reaction mixture as an external substrate (24). For measuring
specific PKC activity, phosphatidyl serine, diacyl glycerol and
500 mM CaCl, were added to the reaction mixture as PKC acti-
vators.

Stimulation of PKC activity by carbachol. Carbachol-
induced PKC activation and translocation are commonly stud-
ied in tissue culture (44). We have recently adapted these
procedures and established the salient parameters for assays
on mice hippocampus slices {Steingart et al.. unpublished ob-
servations). The slices were incubated in 1 mM carbachol at
32°C for different periods of time. Basal PKC activity was
determined in the absence of carbachol for each time point.
The slices were washed twice with fresh, ice-cold sucrose
buffer and homogenized, and PKC activity was then de-
termined.

RESULTS AND DISCUSSION

Some of the findings presented in this section concern the
behavioral deficits and biochemical alterations at the septohip-
pocampal cholinergic synapse induced by prenatal exposure
to the two drugs (1,81). Preliminary findings { Abu-Roumi.
Newman and Yanai, unpublished observations; Steingart.
Barg. Vogel and Yanai, unpublished observations) will be
presented here.

Behavioral Alterations

Offspring that were exposed to heroin or phenobarbital
prenatally (drug offspring) showed deficits in their perfor-
mance in the eight-arm and Morris mazes (55.76.80).

Presvnaptic Cholinergic Alterations

The drug-exposed offspring exhibited an increase in hippo-
campal choline uptake as shown by the increase in HC-3
binding to the choline transporter (83). An increase was also
found in acetylcholine (ACh) release assessed by measuring
formation of IP elevated due to the addition to the incubation
medium of high depolarizing concentration of K™ either alone
or in the presence of the cholinesterase inhibitor physostig-
mine (1). However, acetylcholinesterase (AChE) and ChAT
(assessed only in the phenobarbital model) were not affected
by the prenatal exposure (26.54).

Postsynaptic Cholinergic Alterations

Extensive evaluation of the major postsynaptic phases of
the septohippocampal cholinergic transmission was per-
formed; hyperactivity was demonstrated in all phases. The
general number of cholinergic muscarinic receptors as assessed
by QNB binding was increased in the drug offspring (54.80).
More pertinently, M, subtype. assessed at the transcriptional
and translation (i.e., pirenzepine binding) levels. was also in-
creased (81). Downstream from the receptors, the activity ot
the general pool of G-proteins available for several neuro-
transmitters, as assessed by IP formation in response to NaF/
AICI3, was increased in the drug-exposed offspring (1). Fur-
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thermore, quantitative analysis of the subtypes of these pro-
teins was performed on immunoblots by using specific antisera
for each class of protein. An increase was observed in Gq and
Giin drug-treated offspring, whereas Go remained unchanged
(81). Because G-proteins provide the link from the receptor
to the second messenger, an experiment was done to assess
carbachol-induced IP formation after early exposure to drugs.
An increase was found in carbachol-induced IP formation in
the drug-exposed offspring as opposed to the controls (1,81).
Continuing along the nerve transduction cascade, the drug-
exposed offspring displayed increased basal activity of mem-
brane PKC in the hippocampus (81).

The results presented thus far demonstrate hyperactivity
at the pre- and postsynaptic levels in the septohippocampal
cholinergic innervations and corresponding behavioral defi-
cits. This phenomenon is rather unusual, particularly when
considering the typically widespread effects of insult to the
adult brain. Our hypothesis to explain this phenomenon is
that the observed hyperactivity at septohippocampal nerve
terminals represents a futile attempt by pre- and postsynaptic
elements to compensate for a perceived “bottleneck™ in the
nerve transduction cascade. This notion would imply that the
primary deficit was induced by the prenatal insult in one of
the phases along the nerve conduction cascade and that the
increased activity of the other phases was a secondary, com-
pensatory event. In testing this hypothesis, the subsequent
search for the primary alteration demonstrated that the hippo-
campal cholinergic synapses displayed PKC activity that was
completely unresponsive to stimulation by the cholinergic ago-
nist carbachol. This finding suggests that a desensitization (ei-
ther homologous or heterologous) had occurred (81).

This desensitization could, in fact. be the primary event,
followed by a compensatory hyperactivation. Alternately, the
hyperactivation could be the primary event and the desensiti-
zation a compensatory reaction. To determine which of these
possibilities was correct, we grafted normal septal neurons
into the hippocampus of affected subjects. According to our
hypothesis, normal presynaptic components (from the grafts)
would be unable to reverse the postsynaptic desensitization
if it were the primary event. However, if the primary event
were presynaptic hyperactivation, then the desensitization
could be reversed by the grafting of unaffected fetal neurons.
Thus, mouse offspring exposed to phenobarbital or heroin
prenatally were given transplants of embryonic septal cholin-
ergic minced tissue to their hippocampus at age 35 days, as
previously described (76). Grafted ChAT-immunoreactive
neurons were observed 2 months after implantation in the
host hippocampus and exhibited a rich outgrowth of fibers
(Fig. 1).

Approximately 2 months after grafting, the effects of the
grafts on septohippocampal biochemistry and cholinergic-re-
lated behaviors were assessed. On the behavioral level, mouse
offspring that were prenatally exposed to phenobarbital
showed marked deficits in their performance of the eight-arm
and Morris mazes, as was previously described. Transplanta-
tion of cholinergic cells nearly completely restored normal
maze performance (55,76). This phenomenon was specific to
cholinergic grafts because noradrenergic grafting show no ef-
fect on the behavioral deficits (76). Similar findings were dem-
onstrated in the heroin model. For example, on the sixth test
day, when observed differences were at their maximum, heroin
offspring required 13.7 * 0.8 entries to visit all eight arms,
whereas control offspring needed only 9.6 * 0.4 entries (mean
+ SEM, p < 0.001. analysis of variance). However, trans-
plantation of septal cholinergic cells into the hippocampus of
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FIG. 1. Videomicrographs of unilateral graft of septal cholinergic neurons into the hippocampus
of treated mice. (A) Transplanted ChAT immunoreactive neurons in the CA1 region. The tract of
the needle through which the cells were implanted is shown by white dotted lines in cortex at top.
ChAT-positive neurons are indicated by an arrow, and some are seen inside the box. (B) ChAT-
immunoreactive profiles from boxed area in A shown at higher magnification. (C, D) Neuropil from
the noninjected CA1 region exhibits no ChAT-positive cells, only fine fibers.

the heroin offspring restored their behavioral performance to
9.3 = 0.6, which approximates the normal state (p < 0.01;
Steingart et al., unpublished observations). Previous studies
in which the septohippocampal cholinergic innervations were
experimentally impaired have demonstrated behavioral defi-
cits very similar to those displayed in the eight-arm and Morris
mazes in the present model (31,39). These studies, like our
own, have found that transplantation of normal embryonic
septal cells reverse these behavioral deficits. It is tempting
then to hypothesize that the deficits found in these behaviors
after heroin or phenobarbital exposure are a manifestation of
hippocampal cholinergic deficits. However, as will be dis-
cussed below, other cholinergic regions and even other non-
cholinergic innervations in the brain may be related in varying
degrees to the behaviors studied (15). Although the role of
hippocampal noradrenergic innervations in the drug-induced
maze deficits was excluded (76), further transplantation stud-
ies on other brain regions and innervations are necessary to
assess their possible contribution to the behavioral deficits in
question. Learning deficits after early exposure to heroin and

phenobarbital have been demonstrated (74,82); however, as
in the present study, the tests were not sufficiently detailed
to categorize the deficits finely and thus to pinpoint their
possible association to additional brain loci. Further scrutiny
of the drug-induced behavioral deficits should be the subject
of future investigations.

Additional studies were carried out on the reversal of the
major pre- and postsynaptic phases of septohippocampal cho-
linergic transmission. Presynaptically, direct measurement of
AcCh]level and rate of turnover following neural grafting would
appear to be the natural choice to evaluate the manner in
which this intervention affects nerve impulse activity in the
drug-exposed animals. However, the rapid degradation of
ACh and the difficulty of measuring this transmitter makes
such measurement impractical at best. Although in our studies
on early phenobarbital exposure we measured ChAT (54),
this enzyme is not the rate-limiting step in ACh biosynthesis,
and its activity is not affected by changes in neuronal activity
(13,22,60). A reduction of ChAT activity substantiates the loss
of cholinergic nerve terminals but gives no indication of the
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state of cholinergic function of the remaining terminals. It is
essential to appreciate that the ratelimiting step in ACh syn-
thesis is the uptake of choline from the synapse and that the
activity of the high-affinity transporter, located on cholinergic
nerve terminals, is directly affected by neuronal impulses
(13,22.60). Upregulation of choline transport is readily ob-
tained after manipulations that enhance cholinergic tone
(11,22,37.60). However, measuring highaffinity choline uptake
(HACU) is not without methodological difficulties, which
greatly impair its dependability (27). Because impulse-induced
upregulation of HACU involves increases in the amount of
transporter (11,22,37,60,61,83), it is also possible to detect
these changes with binding of the specific ligand HC-3, and we
have demonstrated the ability to do so in the drug-perturbed
developing brain (81,83) (Steingart et al., unpublished obser-
vations). Although sham-control (control) B,,,, was 79.4 + 8.8
(fmol/mg protein), the sham heroin (heroin) offspring binding
score was 1284 = 16.7, i.e., 62% above control levels. How-
ever, in heroin animals with cholinergic grafts, this increase
was reduced to 105.9 * 29.3, only 33% above the control level
(Steingart et al., unpublished observations). The results are
still too preliminary to allow for statistical analysis, yet in
comparison with results of neural grafting in other phases of
cholinergic transmission neural grafting did not reverse the
alterations in HC-3 or, at best, was only intermediate between
those of the control and heroin offspring.

Postsynaptically, we observed that although drug-exposed
offspring had an increased muscarinic B, cholinergic trans-
plants partially restored B, level (55). Because QNB was
used as the ligand, the findings only apply to the general
population of muscarinic receptors. Of the five muscarinic
receptor subtypes, M, is the most relevant to the present model
because of (1) its role as the predominant hippocampal musca-
rinic receptor subtype, (2) the coupling to cell signaling via
G-proteins and the activation of PKC, (3) the availability of
the highly selective radioligand [*H]pirenzepine for character-
ization of the receptor site and (4) the probable involvement
of this receptor subtype in altered behavior associated with
the drug exposure (23,52.63,69). Therefore, similar studics are
presently being conducted employing the M-specific ligand
pirenzepine to assess the specific reversal in drug-exposed off-
spring.

In studying the reversal of drug-induced hyperactivity
along the major phases of the nerve conduction cascade. we
assessed the effect of neural grafting on carbachol-induced 1P
formation. This evaluation is especially pertinent to the pres-
ent case in light of the established coupling of this second
messenger to the M, receptor subtype (20,34). Furthermore.
M, activates phospholipase C. which stimulates phosphoinosi-
tide hydrolysis in the two second messengers, IP and diacyl-
glycerol. IP leads to Ca™' release from intracellular stores,
which in turn acts synergistically with diacylglycerol to activate
PKC (41).

In our studies, fetal cholinergic gratts completely restored
the high level of carbachol-induced IP formation in the drug-
exposed offspring to a normal level. Thus, in control offspring,
carbachol-stimulated IP formation was 1.42 *= 0.09 (propor-
tion of basal IP formation), whereas the phenobarbital-ex-
posed offspring measured 2.58 = 0.37 (p < .05). Transplanted
phenobarbitalexposed mice exhibited an IP formation of
1.35 = 0.11, which is similar to the control level and signifi-
cantly lower (p < 0.05) than that of the drug-exposed untrans-
planted group. Likewise, in the heroin study, carbachol-stimu-
lated IP formation was 1.42 * 0.09 in the control offspring
and 2.38 * 0.36 in the exposed offspring (p < 0.05). Similarly.
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transplanted heroin-exposed offspring exhibited an 1P forma-
tion of 1.42 = 0.10, which is similar to the control level and
significantly (p < 0.05) lower than the corresponding untrans-
planted group {(n = 6-10 assays for each group; Abu-Roumi
et al., unpublished observations).

IP and diacylglycerol formation activates PKC, a calcium-
dependent protein kinase. PKC has a dual action: it stimulates
intracellular processes and prevents overactivation by feed-
back inhibition control. This regulation is mediated by down-
regulation of the receptor and uncoupling between the recep-
tor and G-protein, which is initiated by PKC activation.
Moreover, inhibition of PKC activity is regulated directly by
reducing the intracellular Ca®™* level after PKC activation
(24.42). Functionally, long-term potentiation (LTP) is associ-
ated with deficits in the Morris and eight-arm mazes (36,66).
The cholinergic innervation of the hippocampus has been
shown to participate in LTP (32). More specifically, PKC trans-
location from the cytosol to the membrane, normal basal PKC
activity, and the integrity of PKC have all been shown to be
necessary for both the maintenance of LTP and for hippocam-
pus-related learning abilities, including normal performance
in the Morris and eight-arm mazes (2,29,70).

Consequently, offspring prenatally exposed to pheno-
barbital or heroin and control offspring were either sham
transplanted or given septal cholinergic grafts; basal and carba-
chol-induced hippocampal PKC activities were measured.
Transplantation virtually restored the elevated basal PKC ac-
tivity of the drug-exposed offspring to normal levels. More-
over, responsiveness to carbachol stimulation of hippocampal
PKC activity was restored in the transplanted drug-exposed
offspring. The carbachol-stimulated membrane PKC activity
index of the control offspring was 1.44 * 0.08 (where basal
level is considered to be 1.00) (81), whereas it measured
0.81 = 0.10 in the phenobarbital-exposed offspring (p < 0.05).
Transplanted phenobarbital-exposed offspring exhibited a
score of 1.42 = 0.06, which is similar to the control level and
significantly (p < 0.05) higher than that of the corresponding
untransplanted group. Likewise, in the heroin study, the carba-
chol-stimulated membrane PKC activity index of the control
offspring was 1.44 * (.08 (phenobarbital and heroin controls
were pooled because they did not differ), whereas in the hero-
inexposed offspring it measured 0.83 = 0.10 (p < 0.01). Again,
transplanted heroin-exposed offspring exhibited a score of
1.36 = (.13, which is similar to the control level and signifi-
cantly (p < 0.01) higher than that of the corresponding un-
transplanted group (n = 9-14 mice in each group; Steingart
et al., unpublished observations).

The transplantation findings are strengthened by our recent
studies in which the deficits in eight-arm maze performance,
resulting from prenatal exposure to phenobarbital or heroin,
were correlated within individual animals with the biochemical
alterations. Significant correlation with the behavioral deficits
(r = 0.5-0.7) were demonstrated in HC-3 binding, carbachol-
induced IP formation and PKC basal level and sensitization
to cholinergic agonist stimulation.

The present study has demonstrated that all observed alter-
ations of the septohippocampal innervation in drug-exposed
progeny, both pre- and postsynaptically, can be partly or to-
tally reversed by transplanting normal fetal presynaptic com-
ponents. Moreover, transplantation restored PKC sensitivity
to the cholinergic agonist to nearly normal levels. The func-
tional ramifications of this reversal are attested to by the fact
that the related behavioral deficits were also restored. If post-
synaptic desensitization can be reversed by rebuilding the
presynaptic components through neural grafting, then the logi-
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cal interpretation is that hyperactivity of the presynaptic (i.e.,
cholinergic) element is the primary alteration as opposed to
PKC desensitization being the primary bottleneck for which
other phases attempt to compensate. Increased basal PKC
activity has been shown to be accompanied by PKC desensiti-
zation (25,40).

Presynaptic overstimulation present during the period of
synaptic development may result in hyperactive postsynaptic
receptors and responses possibly because the neurotransmitter
exerts a positive trophic effect on receptors and responses,
thus producing a permanently hyperactive biochemical post-
synaptic state (19,38,50). Exposure to heroin and phenobarbi-
tal may have a similar effect. Therefore, a compelling hypothe-
sis is that if presynaptic alterations are the primary events,
then the druginduced presynaptic overstimulation, which was
present during the period of synaptic development, caused a
“turned-on” postsynaptic state, thereby resulting in desensiti-
zation of PKC to cholinergic agonist stimulation. However,
other alternatives should be considered, including the possibil-
ity that the primary event was an early drug-induced alteration
in the afferent pathways regulating the activity of the septal
neurons involved in the septohippocampal pathway. One can-
didate might be the dopaminergic input from the mesence-
phalic A10 group (53,79), which acts on cholinergic cells via
GABAergic intermediates.

It is unclear how grafts of fetal cholinergic neurons could
restore the normal rhythmic fluctuations in pre- and postsyn-
aptic activity at the septohippocampal synapse. It has not been
determined yet whether prenatal exposure to phenobarbital
or heroin decreases the number of cholinergic neurons pro-
jecting to the hippocampus. If the number is unchanged in
the drug-exposed offspring, then opportunities for grafted
neurons to establish synapses with host hippocampal cells
would seem intuitively to be rare (6,12). Perhaps “normal”
cholinergic cells, free from defectively hyperactive afferent
influences, e.g., from A10 dopamine neurons, regulate the
host septohippocampal afferents by means of tonic release of
transmitter that would act at cholinergic autoreceptors on
the nerve terminals. Relatively few cholinergic neurons were
evident in the grafts, suggesting that restoration of normal
activity may have also resulted from a more general mecha-
nism. A diffusable factor or factors released by neurons or
nonneuronal cells in the fetal grafts (65) might have mediated a
“resetting” of pre- and/or postsynaptic cholinergic/muscarinic
activity or induced sprouting of new projections and synapses
by the host neurons and thereby reversed the functional im-
pairments (4,8). Defective elements at the postsynaptic mem-
brane would in this scenario be corrected by trophic factors
released by grafts of fetal cholinergic cells (3). Introducing
different agents into the brain in the absence of fetal grafts
can reverse neurologic deficits (56). One approach to test this
theory is the transplantation of non-ACh-producing septal
neurons and glial cells into the drug-exposed hippocampus.
Such an approach is possible today, thanks to advances in our
ability to transfect genes that may prevent expression of ACh
or one of the enzymes in its biosynthetic pathway and would
presumably not affect other functions of the cell {for review,
see (18)].

The data presented here provide new insights into the
neurobehavioral teratogenicity of heroin and phenobarbital.
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The initial steps toward elucidating the mechanism(s) underly-
ing the observed behavioral deficits induced by these drugs
became feasible by focusing on behaviors that are largely
related to a particular area and biochemical process in the
brain. We noted, for instance, that pre- and postsynaptic hy-
peractivity, uncommon sequellae of insults to the mature
brain, characterized the behavioral syndrome resulting from
prenatal drug exposure. The behavioral and biochemical
changes proved responsive to the introduction of fetal septal
neurons, which also provided important new information re-
garding the site and nature of the precipitating deficit. This
finding illustrates the power and utility of neural grafting as
an approach in neurobiology in general and neurobehavioral
teratology in particular. It is clear, however, that successful
application of neural transplantation and interpretation of the
outcome is dependent on the existence of a specific and well-
defined deficit even when, as in the present model, it is accom-
panied by deficits in other neural processes. Thus, neural graft-
ing was early in showing reverse motor deficits in animal
models of Parkinson disease and seems promising for different
clinical applications (17). For similar reasons, neural grafting
could be applied to reverse the behavioral deficits caused by
damage to the hippocampus and to other mechanism-specific
models. Neural grafting also suggests a possible direction in
which further studies designed to tie the behavioral deficits
to the biochemical alterations observed in causal relationships
should aim. Furthermore, neural grafting may aid in the inter-
pretation of those alterations that are unique to the outcome
of neural insult incurred during development.

Despite these benefits, the neural transplantation approach
cannot by itself provide complete answers to the types of
questions posed here. Nevertheless, when applied in concert
with other approaches, it provides a unique substrate for as-
sessing developmental and regulatory influences on the CNS.
These approaches should come from diverse origins. An obvi-
ous choice in the present model is to attempt a reversal or
worsening of the behavioral deficits by way of a cholinergic
agonist or agonists, respectively. Other possible methodolo-
gies are the local administration of gene transfection or the
correlation between behavior and biochemistry, either of
which may move us closer to the determination of lineal rela-
tionships. For example, the hypothesized relationship between
alterations in the septohippocampal cholinergic innervations
and behavioral deficits observed following prenatal exposure
to heroin (80) and to phenobarbital (54) gained important
support from the results of the grafting studies presented here.

The present approach demonstrates that reversal of im-
paired processes, once understood, can be carried out even
amidst multiple deficits, which remain undescribed. This ap-
proach also opens a way for the development of animal models
for human congenital neurobehavioral anomalies, in which
one of several central compromised processes may be restored
to near normalcy even though the rest of the anomalies remain
beyond reach, i.e., an improved functional state even without
restoring complete normalcy. With each piece of the puzzle
of the impaired neural network solved, the number of pieces
left is reduced.
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