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Abstract-The concentration of cyclic AhlP in the pine~d glands of rats exposed to constant light for 
7 days and then placed in d;uknesh for up to 3 hr was no different from that measured in the pineal 
glands of rats kept in constant light. However. if the norepincphrine rc-uptake inhibitor clesmcthyli- 
mipraminc (DMI) was injcctcd into rats 1 hr bcforc placing them in the dark. then exposure to darkness 
caused a rapid, sustained incrcasc in pincal $md concentr;rtions of cyclic AMP. While bilateral adrenal 
demedullation did not prevent the increaac m pineal cyclic AMP in rats treated with DMI and exposed 
to darkness, bilateral superior cervical panglioncctomy aholished completely the darkness-induced rise 
in cyclic AMP in DMI-treated rats. Furthermore. prior treatment of rats with the /‘zZ-adrenergic antalfonist 
(?)-propranolol prevented the darkness-induced increase in cyclic AMP in rats treated with the inhlhitor 
of norcpincphrinc re-uptake. It appears that increases in sympathetic activity to the pineal gland. 
induced by darkness. can raise thr concentration of cyclic AIv~P in the gland hut only when nore- 
pinephrine re-uptake is prcvcnted. 

Whereas pharmacological stimulation of B-adrener- 
gic receptors increases adenosine 3’, S’-monophos- 
phate (cyclic AMP) concentrations in many different 
organs [l, see also Ref. 21. very few instances have 
been reported where increased noradrenergic neu- 
ronal activity raised cyclic AMP concentraiiona in 
the innervated organ. The reason for this apparent 
paradox is not well understood. We have been unable 
to find any reports of sympathetic nerve stimulation 
increasing cyclic AMP concentrations in organs 
receiving such innervation. Siggins rt ~1. 131 reported 
that stimulation of the locus coerulcus incrcascs 
cyclic AMP conccntration~ in cerebella1- Purkinjc 
cells. as measured 1~) an imm~~1~oc~~tochcmic~~l pro- 
cedure. Even hcrc. though. the in\olvenlent of cyclic 

AMP in mediating the effect\ ot norepinepl;rine 
(NE) on cerebcllar Purkinjc cells i% somewhat cm- 

troversial [I]. and there i\ \ome Llnccrtaintc as to 

how quantitative the immunoc\ tochemic;;l pro- 
cedure for cyclic AhlP ix (see Ref. 5). 

The mammalian pineal eland is an Ideal organ to 
use for further stud\ of thislssue. Its sole innervation 
is that of post-ganglionic sympathetic libers orie- 
inating at the superior cervical ganglion 161, and;t 
contains a high density of /5-adrenergic receptors 
coupled to adenylate cyclase [7. 81. activation of 
which leads to increased concentrations of cyclic 
AMP in the gland [Y. IO], The rise in cyclic AMP 

caused by norepinephrine is thought to mediate so1ne 
of the effects of norepinephrine on the pineal gland 

li Supported hy Veterans Administr;rtion Rcscarch 
Funds, NIMH Grant MH 7YOYJ-03 amd USPHS 
GMO7302-04. 

[ 11, 121. Most interestingly. the pineal gland 
responds to changes in environmental lighting via a 
complex multisynaptic pathway originating at the 
retina and terminating with the sympathetic inner- 
vation to the gland [ 13-171. Darkness increases the 
activity of the noradrenergic fibers to the pineal. as 
evidenced by darkness increasing the turnover of 
NE in the gland 1181, as well as increasing the elec- 
trical activity of the gland [lY]. 

To investigate whether NE. released endogen- 
ously from sympathetic nerves. can raise cyclic AMP 
concentrations in the organ innervated. we have 
studied whether exposure of rats to darkness would 
elevate cyclic AMP concentrations in the pineal 
gland. In addition, as re-uptake into the sympathetic 
neuron is the primarv mechanism for terminating 
the activity of NE in ihe synapse (see Ref. 20). the 
effect of desmethylimipramine. an inhibitor of NE 

uptake [21]. was examined in this system as well. 

lLlETHODS 

Male Sprague-Dawley rats (20&2X3 e) were pur- 
chased from Zivic-Miller Laboratorres. Allison 
Park, PA. All surgical and sham procedures were 
performed by the supplier. Surgical procedures were 
performed on the rats 2 weeks prior to their being 
used in experiments [22]. All animals had access to 
food and water aci lib. Rats were given intraperi- 
toneal injections of either desmethylimipramine 
(DMI. 10mgikg) or 0.9% NaCI. In addition. some 
rats received (+)-propranolol(30 mgikg. i.p.) 15 min 
before a subsequent injection of either DMI or 
saline. 
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Animals were housed in an environmental room 
(Hotpack Corp.. Philadelphia, PA) which \\\;I\ main- 
tained at 22”. For most experiments. this r-oom was 

kept in constant light and the ratx acclimated to it 

for 7 days prior to the experimental procedure so as 

to reduce diurnal fluctuations in beta-adrenergic 

receptor density (2.11. For another experiment. 

animals were housed under conditions of altcrnatin~ 
light and dark periotls (lights on front 7:Ot1 ;1.m. to 

7:00 p.m.) and \vere killed ;I( the end 01 111~ light 
cycle. 

The experimental proccdurc cc)ns~\tcd of cithel 

keeping the rats esposcd to light OI- placing them in 

thedark forperic~dsoftime ranging from I to IS0 min. 
Rats were exposed to darkness bct\\ccn IO:00 ;~nd 

1 I :OO a.m. To place the rats in darknexc. the ;Inimals 
were removed tirst from the environmental groom 

into an adjacent lighted area. The animal\ were 
maintained in this area. in individual cages. for sev- 

eral hours, They were then returned. one at a time. 

to the environmental room and lights in this room 

were turned off for the appropriate period\ of time. 
All rats exposed to darkness. i.c. those receiving 
saline or desmethylimipramine, were handled in this 

manner. Initially. rats killed in constant light \%ere 

handled in this way also. I However. preliminary 
experiments showed that there WIS no difference in 

the results if this were done or if the rats \\crc just 

kept in the environmental I-oom and killed in the 
light. Since this latter procedure was simpler to per- 

form, most of the rats killed in constant light were 

handled in this way. 
Darkness was defined as the absence of aII light 

except that from a red 25 W Sylvania light bulb 

protected by a red acetate filter. Previous studies 
have shown that the activities of pineal enzymes 

sensitive to white light are not altered by this intensity 

of red light [?a]. Rats killed in the dark had their 
pineal glands removed in the dark. 

Preliminarv studies. that were run for another, 

related investigation. showed plasma and pineal corn 
centrations of DMI to be maximal 3GhO min after 

its intraperitoneal administration [3]. Therefore. 

1 hr after the DMI or saline injection, the rats were 

decapitated and the pineal glands removed and 
frozen on dry ice within 30 set to control for ;I post- 

decapitation rise in cyclic AMP 1261. With this 

cxperimcntal design. then. rats exposed to darkness 
for longer than h0 min received their injection of 

DMI or saline in the dark. 
Cyclic AMP wax extracted by sonicating the pineal 

glands for IS set in I 1111 of ice-cold 11.5’~ pcrchloi-ic 

&id. The sonicate was centrifuged at 10.000 ,g for 

15 min at 4”. 
The supcrnatant fluid was decanted. neutralized 

with excess CaCO3 [27]. and centrifuged at 12,000 g 
for 10 min at 4’. The cyclic AMP concentration of 

the neutralized extract was measured by radio- 

immunoassay using [‘3]antigen and antiserum pur- 

chased from NeM England Nuclear. Boston. MA. 
All unknown samples were assayed in triplicate. 

Standard solutions of cyclic AMP were prepared in 
7 5? perchloric acid that had been neutralized with I._ 
(‘a(‘O;. 

Protein determinations were performed according 

to the method of Lowry c’t rrl. [7X]. 
Desmethylimipramine was donated by LISV Phar- 

maceutical C‘orl?. Nl’. ( i )-Propr~inoloI was pm- 

chased from ttic Sigma (‘hcmical (‘0.. St. I.ouis. 

MO. 

Because the level of activity of the noradrenergic 

innervation to the pinral gland shows circadian vari- 
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ation. being higher during darkness than light [la, 
191, we examined whether exposure to the dark 
would elevate cyclic AMP c~~ncentrations in the 
pineal gland. Figure 1 shows the pineal gland con- 
centrations of cyclic AMP in animals kept in constant 
light for 7 days and then given a single injection of 
either DMI or saline before being exposed to dark- 
ness for the times indicated. In those animals receiv- 
ing only saline, at no time up to 1X0 min did exposure 
to darkness raise the levels of pineal cyclic AMP 
over that measured in pineal glands of rats not placed 
in the dark. in contrast. pineal cyclic AMP increased 
rapidly, within 1 min of darkness, in animals which 
received a single injection of DMI; concentrations 
of cyclic AMP remained elevated for up to 3 hr of 
exposure to darkness in rats injected with DMI. 
Because the elevation of pineal gland cyclic AMP 
was maximal after 1 min of exposure to darkness. 
this time was chosen for all subsequent experiments 
involving rats killed in the dark. 

The results in this paper are expressed as pico- 
moles of cyclic AMP per pineal gland rather than 
in terms of pineal protein content. as no significant 
change was noted in pincal protein during the rela- 
tively short time period the rats were placed in the 
dark. Thus, the results would he essentially the same 
as those presented if the data wcrr expressed in 
terms of pineal protein. For example. in rats given 
DMI and kept in constant light. the pineal concen- 
tration of cyclic AMP was signi~c~~ntly lower (65 
rt 13 pmoles/mg protein) than that measured in rats 
given DMI and placed in the dark for 1 min (167 
1. 33 pmolesimg protein: P c: 0.005). 

Injection of DMI is effective in raising cyclic AMP 
levels in rats kept in constant light as well as in rats 
placed in the dark. This was studied by giving rats 
an injection of saline or DMI and killing them, in 
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Fig. 2. Effect of desmethyiimipramine on pineal cyclic 
AMP in rats kept in constant light. Rats were injected with 
either 0.9% NaCl or DMI (10 mgikg) and were killed either 
7.5, 15, 30, 60 or 120 min later. Each point represents the 
mean value for the number of experiments indicated in the 
parentheses. Each bracket indicates the S.E.M. At all time 
points, the concentrations of cyclic AMP in the pineai 
glands of rats given DMI were higher than those found in 
control animals (P < 0.05. Student’s t-test). The concen- 
trations of pineal cyclic AMP in rats piaced in the dark for 
1 min after being treated with DMI is indicated as “dark”. 
This value is significantly higher than that measured in any 
of the groups of rats given DMI and kept in the light 

(P < 0.025). 

I‘ahlc I. Effect of DMI treatment on pincal gland con~~ntr~~ti~~ns of cyclic AMP 
- 

Esposure Pineal 
Drilg t-iousin? to clarkncss qclic AMP 

tr~~~titl~nt cclttclitittns L’or I min ~~~i~~)l~s~gl~~~~~l) P’: 
.__~ 

0.9% NaCl Constant iight - 5.0 + l.lf 

0.9% NaCi 
(5H 

Constant light + 4.8 t 1.0 > 0.5 

0.9% NaCl 
(5) 

Light-dark - 6.9 t 0.9 

0.9% NaCl 
(8) 

Light-dark + 5.6 i- 0.8 > 0.2 

DMIZ 
(8) 

Constant light - 11.5 rt 1.q 

DMI 
(14) 

Constant light + 22.6 t 1.5 <: 0.001 

DMI 
(14) 

Light-dark - 11.7 -+ 1.611 

DMI 
(7) 

Light-dark + 22.7 + 1.9 < 0.001 
(7) 

* Compared to corresponding value in rats not exposed to darkness. 
i X f S.E.M. 
$ Number of observations. 
4 Ten mg!kg. intraperitoneally. 1 br before animals were killed. 
// P < 0.025. compared to saline-treated animals housed under similar lighting 

conditions. 



the hght, at dlttercnt trmes tllcreattcr. ~I‘llC I-csults 
of this experiment are shown in Fit. 2. At the earliest 
time of measurement after aclnlinistl.atic,n of DMI. 

namely 7.5 min. cyclic AMP co~~cc~~~~~~~i~)~l~ 1-0s~ 
about 3.5 times as compared til the col~cc~~t~-~~l~oll 

measured in rats injettcd with 0.Y; Yv;I( ‘I, The I-ise 

in cyclic AMP. obscr~ed in the I-;IL~ $ILW r~kll, 
persisted for at least 1 hr. In the omit” Cspcriment. 
some rats were placed in the dark for I lllin at%21 

they had been given DM I 1 itr pre\ ic)u\l! ,\s ~t~owr~ 
before (Fig. 1 ). euptwre to the clarh in ~;II\ treated 
with DMI raised pineal cyclic AMP c~~~~c~~l~~~~~io~ls 
still further. 

The increase in qclic AMP in rats admlnistcred 

DMI and then exposed to darkness was ohscr~d in 

animals housed under conditions of altcrn;ltinF light 

and dark periods as wcli :IS in constant light. In a 
separate experiment. rati; M~I-c housed cithcr- in con- 

stant light for 7 days or in I2 hr light- 12 hf- dark 

periods for the sunc time. Animals \\crc then 
injected with either saline or D>il and 1 hi later 

were exposed to the dark for- I min. The rc\ult\ ot 
this experiment are shown in T;lhlc I. /I\ heforc, 

injection of DMI c:tusect 21 rise in cvcjif AMP in 

animals killed in the light. llowcvcr. t~.~~~t,~le,~~ with 

Dnill raised pincal cyclic AMP significanti\ higher 

if the rats were placed in darkness for I &in prior 

to death; this occurred repardless of the li#ting 

conditions in which the rats were housed. 
To determine if the increase in cyclic A?JP 
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observed in rats treated \r,ith DMI and plated in the 

dark was due to activation of/3adrcnergic Ircccptors. 
propranolol was administered to rats 1.5 niin lxAow 

~i~iIninist~~iti(~rl of DMI and 75 min h&trc plactng 

the rats in darkness fbr 1 min. The rcsuits of this 
experiment are shown in Fig. 3. As heforc. the pineai 
cyclic AMP concentration of rats recei\,ing DMI I hl 

before being placed in darkness was sqniticaritl! 
higher than that measured in the glands of rat\ not 

receiving the tricyclic drug. Pretrratmcnt with ( I )- 
p~(~pr~~nolol. however. completely climinatcd the 
d~lrkness-induced rise in pin4 gland cyclic A?JP IU 

rats given DMI. This indicates that the DMI-induced 
increase in pineal cyclic AMP in animals placccl in 

darkness is mediated bq’ acti\ atitrn of pincal /+;ldre- 

nergic receptors. 
The source of the c;rtrchol~\mirles that RCI’C 

responsible for the rise in pineal c!.cIic AMP in i-irl‘r 
given DMI and placed in the dark NXS detcrminccl 
by treating three different groups of rats uith DMI 
60 min prior to placing them in the dark for 1 min: 
(1) sham-operated rats: (2) r-ats receiving bilater;ll 
superior cervical ganglionectomy (SC<i-X); and (3) 
rats receiving bilateral adrenal deliieilull~ttiol~ 

(ADM-X). Ablation ofboth \uperiorccrvical gan$i;i 



Light 

- 

k 

i!- 

-I- T 

: Fol Xwk / Dark 
iTi 
IOW ed b y Light for: [ 

1 OSmm Zmin 8min 32min 1 

Fig. 5. Effect of rc-exposure to light on pineal gland cvdic 
AMP in rats given desrncthylimipramine and pla~ed~into 
darkness. All rat% received injections of DMI ( 10 mg’kg). 

One hr later. the :tnirnals were (I) killed without being 
placed in the dark (‘.li$ht”) or (2) wcr~ placed in the dnrh 
fhr I min (“da&~‘) or (3) \verc placed in the dark for I mitt 
and rc-exposed to light for the times indicated. Each bar 
represents the mean value of C~CI~C AMP t S.E.M. The 
number in each bar sho\v\ the number ofexpcr~mcnts. The 
value of cyclic AMP in the pincal glands of rats killed iu 
the dark is signific:mtly higher than th;it me;lsurcd in any 
of the other grctops (>I animals (P < O.{tO5. Student’s f-test). 

will result in complete denelvation of the pineai, as 

this is the exclusive innervation of this gland [h], 

whereas bilateral adrenal ~lenledL[ll~lt~(~n removes the 

primary source of ~~3t~c~~~lan~ines found in the cir- 

culation. The results of this experiment are shown 
in Fig. 4. Adrenal d~rne~t3il~3tioi~ had no effect on 

the r&e in cyclic AMP seen in DMI-treated rats 

placed in the dark. In contrast. bilateral supcriol 
cervical ganglionectomy abolished the rise in pincal 
gland concentration of cyclic AMP. These results 

indicate that DMI is l~oteritj~3ting the rffects of NE 

released in the dark from the post-ganglitmic sym- 
pathetic fibers innervating the pincal gland. 

It \vas of interest to determine whether rc-espo- 
sure to light would cause ;I fall in pincal cyclic AMP 

concentrations in rats given DMI and placed in the 

dark. To see if thi’r would happen. rats were injected 
with DMI (IO mg~kg) and I hr Inter placed ;n the 

dark t’or 1 min. The lights were then turned on and 

the animals killed either 0.5. 7. X c)r 32 min later. 
The results of this rxporimont arc present~‘d in Fig. 
5. As expected. the concentration of cyclic AMP m 
the pineal glands of rats given DMI and pluced in 
the dark for 1 min was si~nilic~~ntl~ higher than that 
measured in the glands ~;f rats not rxpoced tc) dark- 
ness. Within ifi see of re-cxposurc to light. though, 
the concentration of cylic AMP fell to the value 
found in rats not exposed to the tl;rrk. 

The nl~~n~nl~~li~~n pineal gland. bmerly considered 

nothing more than ;I vestigial organ. has become a 

widely studied structure within the past 20 years. It 
has been sl1own. for example. that the pineal gland 
responds to changes in cnvir~~nrn~llt~~l lighting via a 
complex multisvn~3l~tic pathway originatiilg at the 

retina and ter&ating with the sympathetic inner- 

vation to the gland from the superior cervical gan- 

glion [I.%-171. The onset of darkness increases the 

turnover of norepinephrinc (NE) in the sympathetic 

nerves innervating the pineal gland [IS]. Further- 

more. darkness increases the electrical activity, of the 

pineal gland [ 19], ad NE causes ~l~p~rp~l~rlzati~n 
of the pinenlocytc ccl1 membrane by activ~lti~n of 

#$adrenergic receptors on the gland [29]. 

In view of this. it is somewhat surprising that the 

onset of darkness has not been reported to cause 

rapid increases in the concentration of cyclic AMP 
in the pineal gland. While rats kilied after I2 hr of 

exposure to darkncsa habe hisher hasal pineal gland 

ctmcentr;~tions of c!*clic AMP than r’ab killed after 

being in the light tor the same amount of time 123, 
JO]. exposure of rats to darkness for periods up to 

6 hr has not been shown to stimulate a rise in pineal 

glatld cyclic AMP concentrations 1231. 

In ~~greern~nt with these results 1231, we have not 

been ahlc to measure any si~iiific~lnt change in pineal 
cyclic AMP in saiine-treated rats kept in ~onst~3nt 

fight and then expocd to darkness. However, if rats 

were given ;I single injection of DMI 1 hr prior to 

exposure to dnrkncss, then a rapid rise in cyclic AMP 
concentrations occurred when the rats were placed 

in the dark. This effect prrsistcd after bilateral 
adrenal ~l~~~~~lull~~tio~i. hut either hilateral superior 

cerc+cal ganplionectomy or prior administration nf 

propran&l prcvcnted the increase in cyclic AMP 

from occurring. This indicates that the increases in 
pineal cyclic AMP won in DMI-treated rats are due 

to the action of NE released from the s~rnl?~ltheti~ 

ncrvc ternlin~3ls itlnel-~,~lting the pineal. hs prior work 

has d~lnoiistr~lt~~i no chary in the binding of 
[ ‘H)dilt~circtaipl~e~~~~l~~l to pineal gland homogenates 

of rats given a sin&z injection of DMI [IS], the 

elevated cyclic AMP concentrations seer3 in rats 
given DMI and pl:rcod in the dark is not caused by 

DMI increasing the density of pin& gland #Gadre- 

nergic receptors. The most likely c~l~i~~n~iti~ll for the 
clarkliess-iiiducccf rise in cyclic AMP in rats given a 

sin@ injection of DMI is that the tricyclic drug. by 
blocking NE rr-uptakr into synpathetic terminals 

[Zl], causes a pcrsistcnt elevation in synaptic con- 
contrations of NE 50 a5 tn stimulate 8 measurable 

rise in pinwl cvclic AMP. This work establishes that 
exposure of r;tis to cktrkness cxt rapicfiy raise pincal 

cyclic AMP Ic~cls. 

It should he emphasized. though, that injection 
of rats with DMI r;\iqcd pincal gland cylic AMP 
levels even in animals kept in constant Iqht. Some 
release of NE from the sympathetic nerve innervat- 
ing the pincal protxthl\; occurs in the light. and its 
effect on pincal i_3-aclrctncr~ic receptors would be 

enhanced in the prcscncc of D.MI. IIowevcr, expo- 
sure to d;ukness raised still further the concentration 
of cyclic AMP. The tl;lrknr~s-induce‘1 rise in cvctic 
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AMP in rats treated with desmethylimipramine was 
reversed very rapidly upon re-exposure to light (Fig. 
5). The rapid fall in pineal cyclic AMP observed 
upon re-exposure to light is similar to the quick 
decrease in activitv of serotonin N-acetyltransferase 
[31] observed in rat:, exposed to light after being 
placed in the dark. Indeed, the fall in cyclic AMP 
appears to happen even faster than the decrease in 
activity of N-acetyltransferase. and this would be 
consistent with the idea 1321 that the fall in serotonin 
N-acetyltransferase is a consequence of the drop in 
cyclic AMP levels. 

The present work provides further evidence for 
sympathetic control of pineal gland activity. When 
the norepinephrine reuptake inhibitor DMI is prcs- 
ent, the onset of darkness via activation of p-adre- 
nergic receptors rapidly raises cyclic AMP concen- 
trations in the pineal. Why the uptake inhibitor must 
be present to demonstrate the effects of sympathetic 
nerve activity on levels of pineal cyclic AMP. but 
not activity of the pineal enzymes serotonin N-acc- 
tyltransferase 133, 34) or hydroxyindole-O-methyl- 
transferase 1351, is not readily apparent. It may be 
that increased sympathetic nerve activity affects the 
‘turnover’ of the cyclic nucleotide so as to cause 
increases in the activity of these enzymes. Such 
changes in cyclic AMP turnover may occur without 
measurable alterations in the concentration of the 
cyclic nucleotidc. 

In conclusion. it appears that blockade of NE rc- 
uptake may be a necessary condition to demonstrate 
effects of increased sympathetic nerve activity on 
end organ concentrations of cyclic AMP. 
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