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The Role of Spinal Cord Cyclic AMP in the Acoustic Startle

Response in Rats
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Drugs thought to increase intracellular levels of cAMP were
infused intrathecally into the subarachnoid space of the lumbar
spinal cord, and the effects on the acoustic startle response in
rats were measured. Intrathecal infusions of the cAMP analogs
dibutyryl cAMP or 8-bromo cAMP (12.5-100 pg) produced
marked, dose-dependent increases in startle amplitude com-
pared to the infusion of artificial cerebrospinal fluid (CSF). Lo-
cal infusions of dibutyryl cAMP at more rostral levels of the
spinal cord or brain failed to mimic the excitatory effect seen
following lumbar intrathecal infusion. No excitation of startle
was seen following intrathecal infusion of cAMP itself, ATP,
5'-AMP, or dibutyryl cGMP. A weak excitation of startle was
seen following intrathecal, but not intraventricular, infusion of
the water-soluble adenylate cyclase activator forskolin 7-deace-
tyl-7-O-hemisuccinic acid (forskolin-DHA; 5.0-100 ug, in arti-
ficial CSF), whereas forskolin itself [0.01-200 pg, in dimethyl
sulfoxide (DMSOQO)] was without consistent effect. Finally, in-
trathecal infusion of the selective phosphodiesterase inhibitor
Rolipram (12.5-200 ug) produced a marked excitation of startle
similar in magnitude to the effects produced by cAMP analogs.
The excitatory effects of intrathecally infused dibutyryl cAMP,
8-bromo cAMP, forskolin-DHA, or Rolipram support a func-
tional link between spinal cord cAMP and the acoustic startle
reflex. Possible sites of cAMP action on startle are discussed.

The cyclic nucleotide 3’,5'-adenosine cyclic monophosphate
(cCAMP) has been widely implicated as an intracellular second
messenger in the peripheral and central nervous system (see
Bloom, 1975; Daly, 1977). Despite the impressive biochemical
and electrophysiological literature supporting this hypothesis,
very few experiments have shown a direct association between
alterations in cAMP levels and behavior. The purpose of the
following study was to define possible sites of action of cCAMP
in the spinal modulation of a simple reflex behavior, the acoustic
startle response in rats.

Acoustic startle is a short-latency reflex elicited by sudden,
intense auditory stimuli. This reflex is mediated by a central
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neural circuit that consists of both brain stem and spinal cord
components (Davis et al., 1982). The identities of the trans-
mitters that are released at the various synapses of the startle
circuit are not fully characterized. However, studies using direct
drug infusion into the subarachnoid space of the lumbar spinal
cord (intrathecal infusion) have shown that a number of neu-
rochemical systems modulate startle at the level of the lumbar
spinal cord (Astrachan and Davis, 1981; Davis and Astrachan,
1981; Gallager et al., 1983; Kehne and Davis, 1985; Kehne et
al., 1981). Within the spinal cord, the amino acids glycine and
GABA appear to functionally inhibit startle, whereas the mono-
amine transmitters serotonin and norepinephrine are facilita-
tory. Recent biochemical studies have provided evidence for a
linkage between spinal norepinephrine and cAMP (Jones and
McKenna, 1980a, b; Jones et al., 1984). If such a relationship
exists, either for norepinephrine or for other spinal transmitters
that are excitatory to acoustic startle, then pharmacological
treatments that increase the generation of cCAMP in the spinal
cord should increase startle amplitude.

In the following study, several compounds that increase in-
tracellular levels of cAMP were administered intrathecally and
the resulting effects on startle amplitude were measured. The
drugs tested were (1) the cCAMP analogs dibutyryl cAMP and
8-bromo cAMP; (2) forskolin, a direct activator of adenylate
cyclase (Seamon, 1985; Seamon and Daly, 1981a, b), and a
water-soluble derivative forskolin, 7-deacetyl-7-O-hemisuccin-
ic acid (forskolin-DHA), which also stimulates cAMP produc-
tion in membrane preparations (K. Seamon, personal com-
munication); and (3) Rolipram (ZK 62 711), a selective inhibitor
of phosphodiesterase with minimal activity as an adenosine
antagonist or reuptake blocker (Nemoz et al., 1985; Phillis and
Wu, 1982; Schneider, 1984; Schwabe et al., 1976; Wachtel,
1982, 1983a, b).

Materials and Methods

Animals

Sprague-Dawley rats (Charles River, Kingston facility) weighing 350-
550 gm were housed in groups of 5 in a colony room maintained on a
12:12 hr light—dark cycle. Food and water were available ad libitum.

Surgery

All surgeries were carried out under halothane (Fluothane) anesthesia,
with the rats secured in a Kopf stereotaxic instrument. Following sur-
gery, rats were housed individually and allowed to recover for at least
4 d before beginning behavioral testing.

Methods for design and implantation of intracerebroventricular (i.c.v.)
catheters were described previously (Kehne et al., 1981). Methods of
implantation of intrathecal catheters were modified from previously
described procedures (Astrachan and Davis, 1981; Kehne et al., 1981;
Yaksh and Rudy, 1976). The standard intrathecal catheter used for drug
infusion into the lumbar subarachnoid space was composed of an 8.5
cm length of PE-10 tubing, fused to a 3 cm length of PE-20 tubing. In
some experiments, the length of the PE-10 portion of the catheter was
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varied (4.5 or 10.5 cm) to assess possible drug effects in other regions
of the spinal cord. Prior to cutting the catheter to length, the PE-10
portion of the catheter was stretched in boiling water to reduce its outer
diameter and thereby lesson the likelihood that catheter implantation

would produce compression of the spinal cord. To prevent subsequent -

shrinkage, the catheters were hardened immediately after boiling by
immersion in cold water. For implantation, a standard Kopf rodent
stereotaxic instrument was modified such that the arms of the instru-
ment were elevated 14 cm above its base. Following anesthetization,
the head of the rat was secured between blunt ear bars and the mouth
positioned over the incisor bar. The body of the rat was then placed in
a standing position such that the axis of the spinal column was perpen-
dicular to the axis of the head. The back of the skull was then surgically
exposed and a 19 gm hypodermic needle was used to puncture a hole
through the atlanto-occipital membrane that overlies the cisterna mag-
na. The tip of the PE-10 portion of the intrathecal catheter was carefully
inserted through the hole, then slowly snaked down the dorsal surface
of the spinal cord in the subarachnoid space. During catheter insertion,
occasional deviations of the tip of the catheter from the dorsal surface
of the cord were indicated by muscle twitching (presumably due to
mechanical stimulation of the spinal roots). At the first sign of such
activity, the catheter was slightly retracted and the axis of the body was
manipulated to avoid any further muscle twitching (indicative of spinal
cord or root damage). The PE-20 portion of the intrathecal catheter was
then secured to skull screws with fast-drying Loctite adhesive, and a
piece of plastic straw (approximately 1 cm in length) was inserted over
the PE-20 catheter, cemented to the skull screw, and filled with Silastic
732 RTV adhesive/sealant, providing a protective collar for the catheter.
These procedures resulted in implanted rats that were healthy and vir-
tually indistinguishable from unoperated controls. The occasional rats
that showed motor impairments from the operation were not used.

Intracisternal (i.c.) catheters were composed of 4 cm and 4 mm lengths
of PE-20 polyethylene tubing, joined by a 4 mm length of 26-gauge
tubing bent at a right angle. The 4 mm PE-20 tubing butted against a
3 x 3 mm section of rubber band (which served as a gasket). The catheter
(secured in a stereotaxic arm parallel to the back of the skull) was inserted
through a hole punctured in the atlanto-occipital membrane into the
cisterna magna until the gasket (which was coated with a thin film of
Vaseline) made contact with the back of the skull and the membranes.
With the gasket held firmly against the back of the skull (to ensure a
tight seal), the catheter was secured with Loctite adhesive to skull screws.

Catheters made from Silastic tubing were implanted chronically in
the left jugular vein, using previously described procedures (Axelson
and Bruot, 1982). The catheters were externalized through a special cap
fastened to the back of the skull and flushed daily to maintain patency.

At the conclusion of testing, catheter patency was checked by dye
infusion, and data from animals with faulty catheters were not included
in the subsequent data analysis.

Apparatus

The apparatus used to measure startle amplitude has been described
previously (Cassella and Davis, 1986; Kehne and Davis, 1985; Weiss
and Davis, 1976). Briefly, 5 separate stabilimeters recorded the ampli-
tude of the startle response. Each stabilimeter consisted of an 8§ x 15 x
15 c¢m cage suspended between compression springs within a steel frame.
Cage movement resulted in displacement of an accelerometer which
generated a voltage proportional to the velocity of displacement. Startle
amplitude, defined as the maximum accelerometer voltage that occurred
during the first 200 msec after the startle stimulus was delivered, was
measured with a PDP-11 computer. The stabilimeters were housed in
a dimly lit, ventilated, sound-attenuating chamber; each was 10 cm
from a high-frequency speaker (Radio Shack Supertweeter). The startle
stimulus was a 50 msec, variable-intensity burst of white noise having
a rise~decay time of 5 msec. Background white noise, provided by a
Grason-Stadler white noise generator, was 55 dB. Sound level mea-
surements were made with a General Radio Model 1551-C level meter
(A-scale).

Test procedure

Because of large individual differences in baseline startle amplitudes
but consistent startle amplitudes across days, we used a matching pro-
cedure to optimize the distribution of rats across different experimental
groups. In this matching procedure, rats were placed in the startle cages
and, 5 min later, were presented with 30 noise bursts (10 at each of 3
intensities: 95, 105, and 115 dB) at a 20 sec interstimulus interval. On
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the basis of the mean startle level across these 3 intensities, the rats
were assigned to equivalent groups.

One day after matching, rats were placed in the startle cages and, §
min later, were presented with 72 noise bursts (105 dB) at a,20 sec
interstimulus interval. Immediately following this 24 min baseline pe-
riod, the rats were infused with either the test drug or the drug vehicle.
The rats were immediately returned to the startle cages and tested for
an additional period of up to 100 min. The length of the postinfusion
test period, determined from pilot work, was chosen to include the entire
duration of the drug effect on startle. Following testing, rats were re-
turned to their home cages. Four days later, an identical test procedure
was carried out, except that rats previously injected with the drug now
received vehicle, and vice versa. Thus, each rat served as its own control
with regard to the treatment (drug vs vehicle), whereas dose varied
between rats. This “crossover” design was used interchangeably with a
pure between-subjects design, in which rats received only 1 treatment
(vehicle or a given dose of a drug) and were tested only once.

Statistical analysis involved ANOV As using the change scores com-
puted for each rat (the mean startle amplitude for the postinjection test
minus the mean startle amplitude for the preinjection 24 min baseline
period). Within-subject factors were included for data gathered using a
crossover design.

Drugs

Dibutyryl cAMP (monosodium salt; Sigma) or 8-bromo cAMP (sodium
salt; Sigma) was dissolved immediately before infusion in artificial cere-
brospinal fluid (5 mmM potassium chloride, 130 mm sodium chloride,
1.25 mwm sodium phosphate, 15 mm p-glucose, 24 mm sodium car-
bonate, 2 mm calcium chloride, and 2 mM magnesium sulfate). For
i.c.v. infusions, only doses of up to 50 ug were given, since other studies
showed that higher i.c.v. doses were subconvulsant or convulsant (Kan-
tak et al., 1981b). Forskolin-DHA (Calbiochem-Behring) was also dis-
solved in artificial cerebrospinal fluid (CSF). Forskolin-DHA was mixed
and sonicated just prior to infusion. Forskolin (Calbiochem-Behring)
and Rolipram, 4-(3-cyclopentyloxy-4-methoxy-phenyl)-2-pyrrolidone
(Berlex Laboratories and Schering AG), were dissolved in dimethyl
sulfoxide (DMSO). For all central infusions, the drugs were injected in
a 10 ul volume and flushed through the catheters with 10 ul of artificial
CSF. For intravenous infusions, drugs were administered in a volume
of 0.1 ml of saline and flushed with 0.5 ml of saline.

Results

Dibutyryl and 8-bromo cAMP

Following intrathecal infusion into the lumbar spinal cord sub-
arachnoid space, dibutyryl cAMP (12.5~100 ug) produced a
marked, dose-dependent increase in the amplitude of the acous-
tically elicited startle response. Figure 1 shows the time course
of the excitatory effect of 50 ug dibutyryl cAMP as compared
to artificial CSF infusion. The left panel of Figure 2 summarizes
the dose-dependent excitation seen following intrathecal infu-
sion. In marked contrast, the right panel of Figure 2 shows that
local infusions of a range of doses of dibutyryl cAMP (12.5-50
ug) into the lateral ventricle of the brain did not produce any
excitation of acoustic startle. Further evidence for the anatom-
ical specificity of the effects of dibutyryl cAMP can be seen in
Table 1. Thus, infusions of 50 ug dibutyryl cAMP through in-
trathecal catheters terminating near the cervical/thoracic spinal
cord junction (4.5-cm-long catheters) or infusions through cath-
eters implanted in the brain ventricular systems at the level of
the brain stem (cisterna magna) or forebrain (lateral ventricle;
data taken from Fig. 1) did not result in excitatory effects on
startle amplitude. Partial excitation seen with the 10.5 cm cath-
eter (sacral spinal cord) is probably attributable to the spread
of the drug caudally to the lumbar spinal cord (see Yaksh and
Rudy, 1976). A peripheral action of dibutyryl cAMP was not
likely, since no excitation was seen in 2 rats given 50 ug of
dibutyryl cAMP intravenously or in 5 rats given 10 mg/kg i.p.
(data not shown). Figure 3 shows that the excitatory effect of
intrathecal infusion of dibutyryl cAMP was specific, since startle
amplitude was not significantly altered by intrathecal infusion
of cAMP, ATP, 5 AMP, or dibutyryl cGMP (100 ug each, all
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Figure 1. Effect of lumbar intrathecal infusion of 50 ug dibutyryl cAMP
on acoustic startle. Mean amplitude startle was measured before and
after lumbar intrathecal infusion of 50 ug of dibutyryl cAMP (closed
circles) or artificial CSF (open circles). Each circle represents 2 min of
testing (i.e., the mean of 6 consecutive startle scores). Each rat (n = 9)
received both drug and artificial CSF treatments in test sessions sepa-
rated by 4 d.

dissolved in artificial CSF). 8-Bromo-5’'AMP was also found to
be ineffective (data not shown). Finally, consistent with the ef-
fects of bibutyryl cAMP, intrathecal infusion of 8-bromo cAMP,
another cAMP analog, produced a marked, dose-dependent ex-
citation of startle (Figs. 4 and 5).
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Figure 2. Dose-related effects of spinal (lumbar intrathecal) versus
supraspinal (lateral ventricle) infusion of dibutyryl cAMP on startle.
Each bar represents a “net change score™ (i.e., a rat’s drug change score
minus its vehicle change score, where each change score is calculated
by subtracting the 60 min postinfusion score from the 24 min prein-
fusion score). A positive score denotes a net excitatory drug effect. In-
dependent groups of rats were used for each dose. Intrathecal doses:
12.5 (n = 10), 25.0 (n = 10), 50.0 (n = 9), and 100.0 ug (n = 10).
Intraventricular doses: 12.5 (n = 5); 25.0 (n = 5); and 50.0 pg (n = 7).
For the intrathecal data, a 2-way ANOVA on the change scores revealed
an overall significant dibutyryl cAMP effect (F(1,35) = 4.45, p < 0.001),
a significant dose effect (F(3,35) = 6.52, p < 0.001), and a significant
dose x treatment interaction (¥(3,35) = 6.52, p < 0.001). Individual ¢
tests at each dose revealed a significant drug excitation at 25.0 (¢(9) =
2.89, p < 0.05), 50.0 ((8) = 3.08, p < 0.05), and 100.0 ug (t(9) = 4.68,
p < 0.001). The effect of 100 ug was significantly greater than that of
12.5 ug (2(18) = 3.63, p < 0.01) or 25 ug (#(18) = 2.15, p < 0.05), but
did not significantly differ from the effect of 50 ug (z < 1). An ANOVA
of the lateral ventricle scores revealed no significant main effects (F <

1).
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Figure 3. Specificity of intrathecal dibutyryl cAMP activation of star-
tle. Mean amplitude startle was measured for 24 min before (open bars)
and for 100 min after (closed bars) intrathecal infusion of vehicle (ar-
tificial CSF, n = 3), dibutyryl cAMP (50 ug, n = 4), cAMP (100 ug, n =
5), ATP (100 ug, n = 5), 5-AMP (100 ug, n = 7), or dibutyryl cGMP
(100 ug, n = 4). A between-subjects ANOVA using the change scores
revealed an overall significant mean effect of treatment (F(5,23) = 10.35,
p < 0.001). Subsequent ¢ tests showed that, relative to artificial CSF
treatment, only the dibutyryl cAMP effect was significant (#(6) = 3.34,
p < 0.01). The apparent depressant effect of dibutyryl cGMP ap-
proached statistical significancce (¢(6) = 1.91, 0.2 < p < 0.1).

Forskolin and forskolin-DHA

Given the marked excitatory effects of the cAMP analogs, it
was surprising that intrathecal infusion of forskolin over a wide
range of doses (0.1-200 ug) failed to increase startle amplitude
relative to DMSO vehicle infusion (Table 2). However, following
intrathecal infusion of a water-soluble derivative, forskolin-DHA,
a weak excitation of startle amplitude (compared to the effects
of the cAMP analogs) was seen (Table 2). The left panel of Figure
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Figure4. Effect of lumbar intrathecal infusion of 50 ug 8-bromo cAMP
on acoustic startle. Mean amplitude startle was measured before and
after lumbar intrathecal infusion of 50 ug 8-bromo-cAMP (closed circles)
or artificial CSF (open circles). Each circle represents 2 min of testing
(i.e., the mean of 6 consecutive startle scores). Rats received either drug
(n = 5) or artificial CSF (n = 5) and were tested only once.
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Figure 5. Dose-related effects of spinal (lumbar intrathecal) infusion
of 8-bromo cAMP on startle. Each bar represents a “net change score”
(i.e., drug change score minus mean vehicle change score) + SEM, where
each change score is calculated by subtracting the 100 min postinfusion
score from the 24 min preinfusion score. A positive score denotes a net
excitatory drug effect. Independent groups of rats were used for each
dose and vehicle (i.e., rats were tested only once). For all groups, n =
5. A 1-way ANOVA on the change scores revealed an overall significant
8-bromo cAMP drug effect (F(4,20) = 24.98, P < 0.001). Individual ¢
tests at each dose, as compared to artificial CSF infusion, revealed a
significant drug excitation at 25.0 (¢(8) = 6.16, p < 0.001), 50.0 (¢(8) =
8.98, p < 0.001), and 100.0 ug (¢(8) = 11.55, p < 0.001). The effect of
25 ug was significantly smaller than that of 50 ug (#(11) = 4.62, p <
0.01) or 100 ug (¢(8) = 8.45, p < 0.001). The difference between 50 and
100 ug approached statistical significance (#(11) = 1.93, p = 0.07).
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6 shows the time course of the effect of 100 ug forskolin-DHA
infused intrathecally, and the right panel illustrates that a com-
parable dose given to the lateral ventricle produced no such
excitation of startle. Table 3 shows that the startle-enhancing
effects of 3 water-soluble compounds (dibutyryl cAMP, 8-bro-
mo cAMP, and forskolin-DHA) were not diminished when these
drugs were administered in DMSO rather than in artificial CSF.
Thus, the lack of excitation seen with forskolin was probably
not attributable to a solubility problem or to an interfering effect
of DMSO.

Rolipram

Intrathecal infusion of the phosphodiesterase inhibitor Roli-
pram produced a marked, dose-dependent excitatory effect on
startle, as compared to infusion of the DMSO vehicle (Figs. 7,
8). Figure 7 shows the time course of the excitatory effect of 200
ug, while Figure 8 shows the dose-response relationship. Both
in magnitude and time course, the effects of Rolipram were
similar to those seen after intrathecal infusion of the CAMP
analog 8-bromo cAMP.

Discussion

The purpose of this study was to assess the possible relationship
between spinal cord cAMP and the acoustic startle response,
using intrathecal infusion of drugs that are purported to increase
intracellular levels of cAMP. The excitatory effects seen follow-
ing intrathecal infusion of cAMP analogs (dibutyryl cAMP and
8-bromo cAMP), of the phosphodiesterase inhibitor Rolipram,
or of the water-soluble derivative of forskolin all support the
conclusion that increasing spinal cord levels of cCAMP augment
the amplitude of the startle reflex.

Substituted cAMP derivatives penetrate membranes more
readily and are more resistant to phosphodiesterase than are
their parent cyclic nucleotides (e.g., Henion et al., 1967; Tsien,
1977). These compounds activate cAMP-dependent protein
kinases (Kuo et al., 1974; Miyamoto et al., 1969) and are be-
haviorally active when administered centrally (i.e., Gessa et al.,

Table 1. Anatomical specificity of dibutyryl cAMP excitation of startle

24 min 60 min

Mode of infusion pre- post-  Change Net change
(target site) n Treatment infusion infusion (post — pre) (drug — vehicle)
Spinal cord
Intrathecal 10.5 cm 9 Vehicle 27.5 19.7 -7.8 +18.6* (+68%)
(sacral cord) Drug 26.9 37.8 +10.8
Intrathecal 8.5 cm 9 Vehicle 30.0 23.4 —6.6 +29.4* (+90%)
(lumbar cord) Drug 33.6 56.4 +22.8
Intrathecal 4.5 cm 7 Vehicle 27.2 21.6 -5.6 +4.9 (+18%)
(cervical and thoracic cord) Drug 26.7 26.0 -0.7
Brain
Intracisternal 7 Vehicle 17.4 17.5 +0.1 —2.9 (—9%)
(brain stem and cerebellum) Drug 28.6 25.8 -2.8
Intraventricular 7 Vehicle 21.7 19.0 -2.7 —6.5 (—35%)
(forebrain) Drug 21.2 12.0 -9.2

Mean startle amplitude was measured prior to and following infusion of either 50 ug of dibutyryl cAMP or artificial
CSF. Infusions were made in separate groups of rats implanted with intrathecal catheters of different lengths (4.5, 8.5,
and 10.5 cm) or implanted with catheters in the cisterna magna or lateral ventricle. A 2-way ANOVA on the change
scores (60 min postinfusion minus 24 min preinfusion) revealed significant effects of dibutyryl cAMP (F(1,34) = 10.26,
p < 0.005), placement (F(4,34) = 3.16, p < 0.025), and, importantly, a significant drug x placement interaction effect
(F(4,34) = 2.91, p < 0.05). Subsequent ¢ tests comparing the dibutyryl cAMP change score to the artificial CSF change
score revealed significant excitatory effects in the 8.5 cm intrathecal catheter group (#8) = 3.08, p < 0.05) and in the
10.5 cm group ((8) = 2.44, p < 0.05). The stimulatory effect in the 10.5 cm group, because it is smaller in magnitude
than the stimulation seen in the 8.5 cm group, is probably attributable to caudal diffusion of drug to the lumbar spinal

cord.
*p < 0.05.
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Figure 6. Effect of lumbar intrathecal infusion versus lateral ventricle infusion of 100 ug forskolin-DHA on acoustic startle. Data represented as
in Figure 1. Separate groups of rats implanted with either intrathecal catheters (n = 12; data taken from Table 2) or intraventricular catheters (n =
8) were infused on separate test days with forskolin-DHA or artificial CSF, using a crossover design. Relative to artificial CSF infusion, forskolin-
DHA was excitatory following intrathecal infusion (¢(11) = 3.57, p < 0.005), but not following intraventricular infusion (¢ < 1).

1970; Herman, 1973; Kantak et al., 1981a, b). Following in-
trathecal infusion into the subarachnoid space of the lumbar
spinal cord, dibutyryl cAMP or 8-bromo cAMP dose-depen-
dently increased startle amplitude. Further experiments dem-
onstrated anatomical specificity (the excitation was not attrib-
utable to metabolites or to other nonspecific changes).
Biochemical studies in intact and broken-cell preparations
have provided abundant evidence that forskolin, a diterpene
isolated from Coleus forskolii, produces a rapid and reversible
stimulation of cAMP formation (Seamon and Daily, 1981a, b).

Forskolin-DHA, a water-soluble forskolin derivative, has more
recently been shown to be an effective (albeit 2-3 times less
potent) activator of adenylate cyclase (K. Seamon, personal
communication). Given the robust effects seen with either of
the cCAMP analogs, it was surprising to find that intrathecal
infusions of adenylate cyclase activators produced either no
excitation (forskolin) or a weak excitation (forskolin-DHA) of
startle.

Although we do not have direct biochemical evidence that
intrathecally infused forskolin was in fact activating spinal cord

Table 2. Effects of lumbar intrathecal infusion of forskolin or forskolin-DHA on startle

Dose (ug) n

Treatment

24 min 60 min Change Net change
preinfusion postinfusion (post — pre) (drug — vehicle)

Forskolin (vehicle = DMSO)

0.1 6 Vehicle 42.1 44.0 +1.9 0.9 (+2%)
Drug 38.6 41.4 +2.8
1.0 6 Vehicle 439 39.6 -4.3 —-2.3 (—3%)
Drug 52.9 46.0 —6.6
10.0 7 Vehicle 29.5 31.6 +2.1 —4.3 (—13%)
Drug 29.5 27.3 -2.2
50.0 7 Vehicle 42.7 322 -10.5 —-0.4 (—1%)
Drug 42.6 31.7 -10.9
100.0 8 Vehicle 48.0 41.7 -6.9 +3.4 (+5%)
Drug 39.7 36.2 -35
200.0 7 Vehicle 31.3 20.2 —11.1 +2.0 (+11%)
Drug 38.0 28.9 -9.1
Forskolin, 7-Deacetyl-7-O hemisuccincic acid (vehicle = artificial CSF)
25.0 14 Vehicle 34.7 31.8 -2.9 +1.5 (+5%)
Drug 40.1 38.7 —-1.4
50.0 12 Vehicle 27.5 30.7 +3.2 +8.1 (+23%)
Drug 32.2 43.6 +11.3
100.0 12 Vehicle 28.2 22.2 -3.7 +15.1* (+53%)
Drug 28.6 17.2 +11.4

Vehicle for forskolin was DMSO, and vehicle for forskolin-DHA was artificial CSF. Mean startle amplitude scores are
averaged over the 24 min preinfusion period (i.e., 72 stimuli) or over the 60 min postinfusion period (180 stimuli). A
2-way ANOVA (treatment, dose factors) of the forskolin change scores revealed no significant main or interaction effects
(F < 1). ANOVA of the forskolin-DHA change scores revealed a dose effect that approached statistical significance
(F(2,37) = 2.35, 0.1 < p < 0.2), a significant drug effect (F(1,37) = 7.54, p < 0.01), and a dose x drug interaction that
approached statistical significance (F(2,37) = 1.70, 0.1 < p < 0.2). Subsequent analyses of individual doses revealed
significant drug excitation at the 100 ug dose (#(9) = 3.71, p < 0.005).

* p < 0.005.
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Figure 7. Effect of lumbar intrathecal infusion of 50 ug Rolipram on
acoustic startle. Mean amplitude startle was measured before and after
lumbar intrathecal infusion of 50 ug of Rolipram (closed circles) or
vehicle (DMSO, open circles). Independent groups of rats were used for
each dose and for the vehicle treatment (i.e., rats were tested only once).

adenylate cyclase, others have reported behavioral effects (lo-
comotor depression; Barraco et al., 1983) and biochemical ef-
fects (activation of brain adenylate cyclase; Suzdak and Browne,
1985) following intraventricular forskolin infusion. Barraco et
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Figure 8. Dose-related effects of lumbar intrathecal infusion of Roli-
pram on startle. Each bar represents a “net change score” (i.e., drug
change score minus mean vehicle change score} + SEM, where each
change score is calculated by subtracting the 100 min postinfusion mean
from the 24 min preinfusion score. Rats were tested only once; n = 5
in each group. A 1-way ANOVA revealed an overall significant effect
of Rolipram (F(5,24) = 8.02, p < 0.001). Subsequent ¢ tests (as com-
pared to DMSO-treated controls) revealed significant excitation at 50
ug (¢(8) = 4.80, p < 0.01) and at 200 ug (¢(8) = 4.19, p < 0.005). The
effect of 25 ug was significantly smaller than that of 50 ug (2(8) = 3.63,
p < 0.01) or 200 ug (t(8) = 3.61, p < 0.01). The difference between 50
and 200 pg was not statistically significant, (2(8) = 1.06, n.s.).

al. (1985) and Suzdak and Browne (1985) used 100% DMSO
for the forskolin vehicle (as was done in the present experiment).
Furthermore, we found that other water-soluble compounds
were still effective when DMSO was substituted for artificial
CSF as the vehicle (see Table 3), making it unlikely that the use

Table 3. Effects on startle of lumbar intrathecal infusion of water-soluble compounds dissolved in

DMSO
Vehicle
Drug Artificial CSF DSMO
None n 10 16
Pre 24 min 31.5 34.6
Post 100 min 28.6 31.0
Change -2.9 (—9%) -3.6 (—10%)
Dibutyryl cAMP n 8 8
50 ug Pre 24 min 27.9 33.2
Post 100 min 70.9 77.8
Change +43.0* (+154%) +44.6%* (134%)
8-Bromo cAMP n 8 8
50 pg Pre 24 min 33.6 27.1
Post 100 min 100.5 83.7
Change +66.9* (+198%) 56.6** (209%)
Forskolin-DHA n 8 8
100 ug Pre 24 min 27.5 35.0
Post 100 min 37.9 449
Change +10.4* (+38%) +9.9%* (+28%)

Mean startle amplitude scores are averaged over the 24 min preinfusion (72 stimuli) period or over the 100 min period
immediately following infusion (300 stimuli). Each cell represents independent groups of rats. An overall 2-way ANOVA
on the change scores revealed a significant drug effect (F(3,66) = 26.70, p < 0.001). The vehicle and drug x vehicle
interaction effects were both nonsignificant (F < 1). Individual ¢ tests (drug vs appropriate vehicle group) revealed

significant excitation of startle for each treatment (p < 0.01).
* p < 0.01 vs artificial CSF.
** p < 0.003 vs DMSO.
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of DMSO per se masked an excitatory effect of forskolin on
startle.

An alternative explanation for the weak effects of the ade-
nylate cyclase activators was provided by the finding that in-
trathecal infusion of the phosphodiesterase inhibitor Rolipram
produced a very marked excitatory effect on startle. This exci-
tation was very rapid in onset and comparable in magnitude to
the effects seen with the cAMP analogs. Thus, it is possible that,
in the spinal cord, there is a maximal or near-maximal turnover
of cAMP. A combination of high basal adenylate cyclase activity
(due, for example, to tonic activation of the receptors linked to
adenylate cyclase) and a high level of endogenous phosphodi-
esterase activity would explain the functional findings that we
have reported. Thus, adenylate cyclase activators would be weak
or ineffective in altering startle, since adenylate cyclase activity
would be near-maximal. On the other hand, alternative treat-
ments (such as inhibiting phosphodiesterase, or “flooding” the
cells with cAMP analogs) would bring out very marked exci-
tatory functional effects, as we observed with the startle re-
sponse.

Schneider (1984) noted that cCAMP levels in various brain
regions showed a rapid, dose-related rise following intravenous
administration of Rolipram, which was attributed to a high rate
of CAMP turnover in vivo. In preliminary experiments we have
found that Rolipram increases startle following i.p. injection in
a dose range approximately 10-fold greater than that required
for effects following intrathecal infusion. Importantly, the startle
exitation induced by i.p. Rolipram occurs over the same dose
range that was shown by Schneider (1984) to elevate cAMP
levels in various brain regions after intravenous Rolipram in-
fusion. These data indicate that, in the present study, the Ro-
lipram doses that increased startle were within a range expected
to produce dose-related inhibition of phosphodiesterase. Similar
dose ranges of the cAMP analogs dibutyryl cAMP and 8-bromo
¢AMP produced comparable excitatory effects on startle, con-
sistent with the conclusion that the observed behavioral effects
were mediated through a specific effect on cAMP.

The present studies did not address the question of which
receptors are coupled to cAMP in relationship to enhanced star-
tle. Some candidates that have been shown to be positively
coupled to adenylate cyclase include beta-adrenergic, A2 aden-
osine, prostaglandin E2, and vasointestinal peptide receptors
(see Seamon and Daly, 1981, for a review). To date, the effects
on startle of intrathecal infusion of agonists for these receptors
have not been fully evaluated. It is known that spinal alpha-1
adrenergic receptor stimulation enhances startle amplitude (see
Davis et al., 1984, for a review) and also increases CAMP levels
in the spinal cord (Jones and McKenna, 1980a, b; D. I. Astra-
chan, J. H. Kehne, M. Davis, and J. F. Tallman, unpublished
observations). However, recent evidence suggests that alpha-1
adrenergic receptor stimulation probably increases CAMP levels
by an indirect action (Daly et al., 1980, 1981). For example,
alpha-1 adrenergic receptor stimulation increased cAMP levels
in cortex by facilitating the cAMP-stimulating action of va-
sointestinal peptide (Magistretti and Schorderet, 1985). A grow-
ing literature indicates that the actions of alpha-1 adrenergic
receptors are mediated through other intracellular signals, such
as stimulation of polyphosphoinositide turnover and/or mod-
ulation of calcium fluxes (e.g., Exton, 1981; Fain and Garcia-
Sainz, 1980). In pinealocytes, alpha-1 adrenergic stimulation
activates protein kinase C, which in turn potentiates cAMP
accumulation produced by beta-noradrenergic receptor stimu-
lation (Sugden et al., 1985).

Although the identity of the receptor(s) directly linked to cAMP
is presently not known, biochemical studies suggest possible
indirect mechanisms through which increases in spinal cord
cAMP might increase the startle response. For example, phar-
macologically induced increases in CAMP levels can augment
the stimulated release of certain neurotransmitters, including
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norepinephrine and serotonin (e.g., Markstein et al., 1984; Schof-
felmeer et al., 1985). However, neither intrathecal infusion of
alpha-1 adrenergic or serotonergic antagonists, nor depletion of
lumbar norepinephrine or serotonin alters the startle-enhancing
effect of intrathecal dibutyryl cAMP (J. H. Kehne, D. 1. Astra-
chan, E. Astrachan, J. F. Tallman, and M. Davis, unpublished
observations). Increased cAMP levels have also been reported
to facilitate the release of the excitatory amino acid glutamate
(Dolphin and Archer, 1983). Recent studies in our laboratory
suggest that an excitatory amino acid might be the neurotrans-
mitter released at a spinal synapse of the startle neural circuit.
Thus, elevated intracellular levels of CAMP in presynaptic nerve
terminals might increase startle by amplifying the amount of
excitatory amino acid released by the startle-eliciting stimulus.
Furture studies will attempt to identify the receptor systems that
carry out these interactions in vivo.
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