A variety of behavioral and learning
handicaps ‘have been observed in chil-
dren born to mothers consuming moder-
ate to high levels of alcohol during preg-
nancy (I6), many of which have been
replicated in animal models developed to
study the effects and mechanisms of pre-
natal alcohol exposure (/7). However,
behavioral comparisons between the
sexes in adult FAE animals have not
been examined systematically in these
studies. The data presented here indicate
that such comparisons may be necessary
to evaluate fully the influence of prenatal
alcohol exposure in these animal models.
Our results also suggest that some of the
behavioral disturbances associated with
prenatal alcohol exposure may result in
part from an alcohol-induced disruption
of perinatal androgen status.
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Vasoactive Intestinal Polypeptide-Like Substance:
The Potential Transmitter for Cerebral Vasodilation

Abstract. In vitro pharmacological studies demonstrated that exogenously applied
vasoactive intestinal polypeptide (VIP) relaxes the smooth muscle cells of cat
cerebral arteries, whereas substance P constricts them. Ultrastructural-immuno-
cytochemical techniques show that a VIP-like substance is present in the large
granular vesicles of nonsympathetic nerve axons and terminals in the cerebral
arterial walls. These results provide strong evidence in favor of the hypothesis that a
VIP-like substance is the transmitter for vasodilation in cerebral blood vessels.

Cerebral blood vessels of several spe-
cies receive vasodilator nerves (I-5).
The nature of the transmitter for dilation,
however, has not been determined. Al-
though acetylcholine (ACh) has since its
discovery been assumed to be that trans-
mitter (I, 6), recent research indicates
that it acts more like a transmitter for
constriction in cerebral blood vessels (3).
Vasoactive intestinal polypeptide (VIP)
and substance P have been proposed as
candidates for the transmitters for cere-
bral vasodilation. VIP-like and sub-
stance P-like immunoreactive nerves
have been demonstrated in cat cerebral
arteries (7, 8). Exogenously applied VIP
and substance P induce dilation of the
cat pial arteries in vitro and in vivo (7-
11). We now report results of pharmaco-
logical and ultrastructural-immunocyto-
chemical studies on the potential role of
these peptides as transmitters for cere-
bral vasodilation.

The ring segments of cat cerebral ar-
teries with or without endothelial cells
were prepared (3). VIP relaxed cerebral
arteries with or without endothelial cells
(Fig. 1, A and B), and substance P rarely
relaxed but frequently constricted the
cerebral arteries with intact endothelial
cells; substance P exclusively constrict-
ed those without endothelial cells (Fig. 1,
C and D). Transmural nerve stimulation
induced only vasodilation in these prepa-
rations with or without endothelial cells.
In parallel studies, substance P at con-
centrations as low as 107°M consistently
relaxed the rabbit ear arteries with endo-
thelial cells (» = 3) and exclusively con-
stricted those without endothelial cells
(n = 3; Fig. 1, E and F).

These results indicate that the VIP-
induced cerebral vasodilation is indepen-
dent of endothelial cells. The direct ef-
fect of VIP on cerebral vascular smooth
muscle is relaxation. On the other hand,
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the substance P-induced vasodilation of
the cat cerebral artery and the rabbit ear
artery is dependent on endothelium. The
direct effect of substance P on vascular
smooth muscle cells of these arteries is
constriction. Since the rabbit ear arteries
have a thicker wall with more layers of
smooth muscle cells than the cerebral
arteries of the rabbit and cat (/2), the
failure of exogenous substance P to indi-
rectly relax the cat cerebral arterial rings
when endothelial cells are present is
probably not due to the inaccessibility of
endothelial cells to substance P. It is
possible that endothelial cells of cat cere-
bral arteries are less sensitive to sub-
stance P than those of rabbit ear arteries.
Furthermore, all nerve terminals in cat
cerebral arterial walls are confined to the
adventitial layer (12). The long distance
between the nerve terminals and the
endothelial cells (3) makes it unlikely
that substance P released by nerves, like
ACh (3), will reach the endothelial cells
in sufficient concentrations to induce va-
sodilation indirectly. These results sug-
gest that VIP, not substance P, is the
likely transmitter.

Data from other studies, however, do
not completely support the proposal that
VIP is the transmitter for cerebral vaso-
dilation. Wei et al. (11) reported that the

Fig. 1. Relaxation induced by transmural
nerve stimulation and vasoactive intestinal
polypeptide (VIP) responses induced by sub-
stance P in the cat middle cerebral and rabbit
ear arteries with and without endothelial cells.
Removal of the endothelial cells and measure-
ment of tension changes of the arterial wall in
vitro has been described (3). In the presence
of active muscle tone induced by uridine-5'-
trisphosphate (UTP), 3 X 10~5M, VIP (Penin-
sula) at the concentrations applied relaxed
both arteries with (A) and without (B) endo-
thelial cells, suggesting that the direct action
of VIP on the smooth muscle is relaxation. In
the presence of the same active muscle tone,
transmural nerve stimulation at 4 Hz consis-
tently relaxed and substance P constricted the
cat cerebral arteries with (C) and without (D)
endothelial cells. In the presence of active
muscle tone induced by serotonin (SHT)
(1077M), the central ear artery with endotheli-
um (E) relaxed upon application of substance
P (SP) at low concentrations, whereas trans-
mural nerve stimulation induced constriction
exclusively. By contrast, the ear artery with-
out endothelium (F) constricted only upon
application of substance P beginning at
107°M, whereas vasoconstriction induced by
transmural nerve stimulation was not affect-
ed. In all experiments the presence and ab-
sence of endothelial cells were confirmed by
giving acetylcholine (ACh). Acetylcholine
consistently relaxed arteries with endothelial
cells and constricted those without (3). Papav-
erine (PPV) was given to induce maximal
relaxation (3). Abbreviation: W, wash. The
numbers with arrows indicate negative log
molar concentration of drugs in the tissue
bath.
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exogenous VIP relaxed the cerebral ar-
teries indirectly by releasing endogenous
prostaglandins. However, the cerebral
vasodilations induced by transmural
nerve stimulation are unaffected by inhi-
bition of prostaglandin synthesis (2, 13).
Toda (5) reported that while dog cerebral
arteries became tachyphylaxic to exoge-
nous VIP, the vasodilation induced by
transmural nerve stimulation in the same
preparation was not affected. This indi-

rect evidence argues against the possibil-
ity that VIP is the cerebral vasodilator
transmitter.

Direct assessment of VIP’s role as the
transmitter for dilation is hampered,
however, by the lack of a specific VIP
receptor antagonist. In an attempt to find
VIP in the neuronal vesicles, we have
used a modified protein A—colloidal gold
technique (I4, 15). Purified protein A
was labeled with colloidal gold particles

A Cat middle cerebrai artery (with endotheiium)

VIP ACh
1 4 Hz 4 Hz 4 Hz 5.5
Y v PPV
3i5
-~
3 0~ —
2 4 minut
minute
§ uTP s uTP
2 B Cat middie cerebral artery (without endothelium)
]
E] vu: PPV
! 35
= 4 Hz 4 Hz 4 Hz |
'~J] o~ ’V l —-_Vf“ X
ACh
0 A ‘_'t
uTp uTP
C Cat middle cerebral artery (with endothelium)
ACh
5
4 Hz 4 Hz 4 Hz ‘
1
| S—
~ O Asmm ‘ 4 minutes
C)
~ uTP
2
o D Cat middie cerebral artery (without endothelium) 35 PPV
o
3
2 4 Hz 4 Hz
= -
1
0
uTP
E Rabbit ear artery (with endothelium)
2 1 7 1 ACh
f f PPV
r 5.5
10] 5
? ls's M ‘
- sp * ~
CH "' 8 Hz 0 8 Hz 8 Hz 0
N
o S5HT
s —
2 4 minutes
° F Rabbit ear artery (without endothelium)
o
2 2 1 1 PPV
; WJK* 5‘5
- 10‘ 9165‘5 M 655
0d - 8 Hz 0 o7 8 Hz 8 Hz o
{ sP ACh
5HT

899



measuring 18 nm in diameter (/5). Anti-
sera (R-52) to synthetic VIP were raised
in rabbits (/6). The immunostaining
method for ultrathin sections was similar
to that described by Roth et al. (14, 15).
Briefly, ultrathin sections were incubat-
ed with bovine serum albumin (3 per-
cent) for 15 minutes then with antiserum
to VIP (1:1000 dilution) for 2 hours at
room temperature. The sections were
rinsed with 0.01M phosphate buffer sa-
line (pH 7.3) before incubation with gold-
labeled protein A for 1 hour at room
temperature. After another wash in
phosphate buffer saline and distilled wa-
ter, the sections were counterstained
with 5 percent uranyl acetate and lead
citrate.

Two sets of controls were carried out.
In one, serial sections were stained with
antiserum to VIP adsorbed with purified
VIP; they were then incubated with the
protein A-gold complex as the experi-
mental sections were. The other control
sections were incubated with the protein

A-gold complex alone. Both groups
were devoid of specific gold labeling (not
shown).

The cerebral artery was fixed in situ
by perfusing the animal, under Nembutal
anesthesia (40 mg/kg intraperitoneal),
with 1 percent glutaraldehyde in 0.075M
cacodylate buffer (pH 7.4) for 5 minutes.
The entire brain with blood vessels at-
tached was removed. The arteries ex-
cised under a dissecting microscope
were cut into small pieces and immersed
in the same fixative for an additional
hour at room temperature. The speci-
mens were dehydrated in graded ethanol
concentrations (50, 70, 85, 95, and 100
percent) and propyleneoxide and embed-
ded in Polybed (Polysciences). The resin
was polymerized at 60°C. Ultrathin cross
sections of the arteries were cut on a
microtome (Reichert) fitted with a dia-
mond knife. The sections were mounted
on slot or mesh (200) grids coated with
Formvar and immunologically stained.

In the walls of all cat cerebral arteries

Fig. 2. Ultrathin section
of the sympathetically
denervated cat anterior
cerebral arteries show-
ing VIP immunoreac-
tivity in nerve terminals
(A) and axon (B). Note
the specific gold label-
ing over the large gran-
ular vesicles. The ar-
rowhead indicates a mi-
crotubule. Sympathetic
denervation of the cat
cerebral artery was per-
formed by removing the
bilateral superior cervi-
cal ganglion 1 week be-
fore the experiment.
The successful dener-
vation was confirmed
by the absence of cate-
cholamine fluorescence
(2). Abbreviations: m,
smooth muscle; n,
nerve terminals. Scale
bars, 0.5 um.

examined (anterior cerebral, middle ce-
rebral, and basilar arteries), VIP-like
immunoreactivities were consistently
found in the large granular vesicles (90
nm in diameter) in nerve terminals and
axons (Fig. 2). This immunoreactivity
persisted after long-term sympathetic de-
nervation, indicating that a VIP-like sub-
stance is present in the large granular
vesicles in nonadrenergic nerves. How-
ever, not all the large granular vesicles
within the same nerves exhibited posi-
tive immunoreactivity. Preliminary re-
sults showed that about 30 percent of the
large granular vesicles in each nerve
terminal were positive to VIP immunore-
activity. This may be explained by the
presence of a concentration of a VIP-like
substance too low to be detected by
immunocytochemistry or by the pres-
ence of some other substance in these
vesicles. Similar findings have been de-
scribed in guinea pig myenteric plexus
7.

Results of this study together with
previous histochemical and biochemical
demonstrations of VIP immunoreactivity
(7) and endogenous VIP (7, 10) in cere-
bral blood vessels indicate the presence
of a VIP-like substance in the neuronal
vesicles. The existence of a VIP-like
substance has also been suggested in
neuronal vesicles in several peripheral
tissues such as the submandibular sali-
vary glands (/8). Upon transmural nerve
stimulation, a VIP-like substance can be
released to induce vasodilation (/9). Ac-
cordingly, VIP has been suggested to be
the transmitter for vasodilation in the
submandibular salivary glands (/9).
Thus, our findings provide evidence that
a VIP-like substance is the potential
transmitter for cerebral vasodilation.
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Forebrain Lesions Disrupt Development

But Not Maintenance of Song in Passerine Birds

Abstract. The magnocellular nucleus of the anterior neostriatum is a forebrain
nucleus of passerine birds that accumulates testosterone and makes monosynaptic
connections with other telencephalic nuclei that control song production in adult
birds. Lesions in the magnocellular nucleus disrupted song development in juvenile
male zebra finches but did not affect maintenance of stable song patterns by adult
birds. These results represent an instance in which lesions of a discrete brain region
during only a restricted phase in the development of a learned behavior cause
permanent impairment. Because cells of the magnocellular nucleus accumulate
androgens these findings raise the possibility that this learning is mediated by

hormones.

Investigation of the neural basis of
complex learned behaviors in verte-
brates has been hampered by the difficul-
ty of identifying discrete neural circuits
for such behaviors: neural control of
learning often seems to be broadly and
diffusely represented in the brain (/). A
salient exception to this problem is the
highly localized system of hormone-sen-
sitive central pathways that control
learned vocal behavior in passerine birds
(2). Previous investigations of this sys-
tem have revealed the direct participa-
tion of discrete brain nuclei in song pro-
duction by adult birds. We now report
what we believe to be the first demon-
stration of the importance of a discrete
forebrain nucleus for development of
learned vocal patterns by young birds
but not for production of stable song
patterns by adults.

A young male zebra finch (Poephila
guttata) learns to imitate the song of his
father during a so-called ‘‘critical”’ or
‘‘sensitive’’ period of development (3).
Song-related vocalizations are first pro-
duced at around 25 days of age; these
early ‘‘subsong’’ vocalizations bear little
resemblance to the bird’s final song pat-
tern, but vocal patterns become progres-
sively more stereotyped between 50 and
90 days of age, and do not change there-
after. The stereotypical song patterns of
adult zebra finches do not change even if
birds are deprived of auditory feedback
(by deafening) and of feedback from the
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vocal organ [by severing afferent fibers
traveling from the vocal organ to the
brain (4)]. Conversely, the song patterns
of young birds are completely disrupted
after deafening (4) and may also be af-
fected by eliminating feedback from the
vocal organ (5).

The system of interconnected brain
nuclei that controls adult song produc-
tion in passerine birds is shown in Fig. 1.
Neurons in the caudal nucleus of the
ventral hyperstriatum (HVc¢) project di-

Syrinx

Fig. 1. Schematic drawing of the sagittal view
of the neural network involved with song
control in male passerine birds. Evidence for
direct participation in song control has previ-
ously been reported only for telencephalic
nuclei HVc and RA (2). Dots indicate nuclei
containing androgen-accumulating cells; num-
bers are percentages of cells labeled within a
given nucleus (7). Abbreviations: HVc, cau-
dal nucleus of ventral hyperstriatum; RA,
robust nucleus of archistriatum; nXIIts, tra-
cheosyringeal portion of hypoglossal nucleus;
MAN, magnocellular nucleus of the anterior
neostriatum; /Co, intercollicular nucleus; X,
area X.

rectly onto the robust nucleus of the
archistriatum (RA). Axons of RA cells
leave the telencephalon and synapse on
the hypoglossal motor neurons (nXIIts)
that innervate the vocal organ (syrinx).
Bilateral lesions of either the HVc¢ or the
RA severely disrupt vocal behavior in
adult songbirds (2). The magnocellular
nucleus of the anterior neostriatum
(MAN) projects directly onto both the
HVc and the RA (2). Song (and possibly
song learning) are androgen-dependent
behaviors (6), and cells in the MAN,
HVc, RA, and nXIIts accumulate testos-
terone or its metabolites (7).

The MAN has traditionally been de-
fined as part of the song system, al-
though nothing is known of its function.
The purpose of our study was to deter-
mine the role of the MAN in the develop-
ment of learned vocal behavior by juve-
nile male zebra finches, the production
of stable song patterns by adult males, or
both.

Twenty male zebra finches ranging in
age from 35 to > 90 days received bilat-
eral lesions aimed at the MAN. Birds 50
days of age and older were recorded
while singing before undergoing surgery.
Electrolytic lesions were produced un-
der anesthesia (Equithesin), with mono-
polar stainless-steel insulated electrodes
to pass anodal d-c current of 90 to 100
wA for 60 seconds. The song patterns of
all birds were recorded postoperatively
at approximately 2-week intervals until
the birds were at least 90 days old, at
which time they were killed with an
overdose of anesthetic. Their brains
were fixed, embedded, sectioned at 40
pwm, and stained with thionin. The use of
a microprojector to examine the sections
allowed the exact location of the lesion
to be verified. Song recordings were
analyzed with a sound spectrograph
(Kay Elemetrics, model 7800).

Birds with complete bilateral lesions in
the MAN made when they were between
35 and 50 days old (» = 6) produced
severely abnormal vocalizations until
they were killed (Fig. 2). Their ‘‘songs’’
usually consisted of one or two highly
abnormal notes, often produced at very
low amplitude. Their notes lacked the
frequency modulations characteristic of
normal zebra finch song and were pro-
duced in extremely long bouts of singing
which lacked normal phrasing. These
abnormal song patterns appeared when
birds were first recorded after surgery
(typically 48 to 72 hours). In contrast,
birds with lesions that missed all or most
of the MAN (n = 5) showed normal song
development (Fig. 2) (8). Their final song
patterns consisted of short stereotyped
phrases including approximately five
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