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_ Introduction _ o
Catecholamines serve as both mumtra.nsmi’c.ter‘s and adrenal hommones, This dual role raises in-

taresting questions as to whether a metabolic process which is transsynaptically regulated by an:
adrenergic mechaniam is influenced by circulating adrenal and neurenal catecholamines released in
response to strasa,.or whethar it is protected against such a stress-induced increase in circulating
catecholamines. The activity of pineal N—-a__cetyltfansferase (acetyl OoA:serctonin N-acetyltrangferase
BC°2.3.1.5) is normally transsynaptically requlated by norepinephrine (1,2). It can also be affected
by circulating adrenergic drags {1,2) and thus presents a good model to study these guestions (3).
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F 1 FRhytlms in indole metabolism in the rat pineal gland, ‘The metabolic pathway fram 5-
to melatonin is on the left, The daily variations in the qoncentrations of
metabolites and acr,f.vities of enzymes are on the right. - The shaded portion indicates the dark
period of the lighting cycle. AcOOR, acetyl coenzyme A; Coh, coenzyme A; SadM, $~adenosyl meth~
lonine; sAdH, S-adenosyl hamocystedne; S-HT, S-hydroxytryptamine, serctonin; MASS-HT, N-acetyl-

transfarase; HIOMT hydracyindole-O-tnethyltransferase; Nac 5-MI, N-acetyl S-methyoxytryptamine
melatonin. From Klein (1), '
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N-Acetyltransferase activity controls large daily changes in the amount of serotonin and the amount
and rate of production of N-acetylserctonin and melatonin in the pineal gland (Fig. 1). In this

© manuscript we describe our studies which suggest that sympathetic nerve endings in the pineal gland
may play a protective role in streas. Perhaps they act by remowving circulating catecholamines from
extracellular gpaces, thus preventing an increase in N-acetyltransferase activity during stress.

The transsynastic rvequlation of pineal N-acetyltransferase activity
N-heetyltransferase converts sexotonin (S<hydrokytryptamine) to N-acetylserotonin (N-acetyl-5-
hydroxytryptandne) . The activity of N-scetyltranferass increases 30— to 100-fold each night. The
rate of conversion of N-acetylserctonin to melatonin is controlled by ‘the amount of R-acetylsero-
tonin available for O-methylation by hydroxyindole-O-methyltransferase. The maximam activity of
. this envyme changes little at night when the rate of melatonin production increases 10-fold; the O~
methylation reaction is requlated bymass action. In cositrast, the acetylatmn ‘reaction is regu-

lated by the activity of N-acetyltraniferase and this in twn is controlled by a tyanssynaptic
mechanism {1,2). The transeynaptic stimulatioh of pineal N-acetyltransferase (Fig. 2} is initiatea
by tha release of norepinephrine fram nerve endings in the pineal gland. 'Norepinephrine interacta
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Figure 2 A model of the g-adrenergic requlation of indole metabolism in the pineal gland:. .Cyclic
AMP, adenosine 3’ S'W\ophosphate. Tp, tryptophan, Pti,, tetrchydropteridine; PtH,, dihydropteri-
dina; SHMTP, S-hydroxytryptophan: n pyridoxal pho te; SHT, S-hydrc»cytryptamg.ne, serctonin;:
HTCH, hydroxytryptophol: HIAA, hytl indole acetic acid; N-Ac SHT, N-acetyl 5~hydroxytryptamine, N~
acetyl serotonin; AcCoR, acetyl coenzyme A; S5-AdM:, S-adenosyl methionine; S-Adhe, S-adenosylhomo-
cysteine; N-AC 5-MT, N-acetyl S-methoxytryptamine, melatonin. The symbolAy represents neuronal
transmission. From Klein and Yuwiler (4).
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with a g-adrenergio receptor on postsynaptic structures resulting in an increase in the preduction
of cyclic AMP (5-6). Acting through a mechanism which appears to depend upon protein synthesis and
require membrane hyperpolarization, cyclic AMP causes an increase in the activity of pineal N-
acetyltransferase (7-9 ). mhis mechanism controls dally changes in pineal N-acatyltransferase
activity (1,2).

Sympathetic nerve endings in the pineal gland have their cell bodies in the superior cervical
ganglia; when sympathetic nerves in the pineal gland degenerate after animals are superior cervical
ganglionectomized (SO, the daily rhythm in N-acetyltransferase ceases (10). The rhythm also
ceases if the superior cervical ganglia are decenptralized (10), This pn'omdwce leaves the sympa-~
thetic ismervation to the pineal gland intact, but blocks input from the central structures which
carry signals from the suprachiasmatic nuclel, These hypothalmﬂ.cnucleiappear to drive the
' ciroadian rhythm in the activity of pineal N-acetyltransferase (11). Light, acting via specific
monesynaptic r\etino-hypot}m projections terminating in the S\mrachiamtic uuclei (11), s_'mv
chonizes this rhythm generating system with envirormental photoperiods.

Stress stimilation of pineal N-acetyltransferase activity

Using intact Sprague-Dawley rats fed ad libitum and maintained on an 1:D 14:10 lighting
schedule, we found that swimming ptress caused an ipcrease in N-acetyltransferase activity (Table 1).
TARLE 1
Effect of swimming stress on pineal N-Acetyltransferase activity in intact and SCGX animals

Treatment  Surgical N-Reetyltyansferase Activity
. Group . (rroles/gland /hr)
&

None Intact 0.15 + 0.02 *
B0GX 0.44 + 0,06 **

Swimming stress Intact 0.66 + 0.15
© 806X 7.78 + 1.02 %

Taoproterencl Intact L 9,17 + 0.46

' ' SOGX . 10, 62 + 1.74

Rats were stressed for 2.5 hrs between 1200 and 1600 hrs. The pineal glands were then guickly
removed and stored at -75°C prier to assay by a radiochemical procedure (8), The water temperature
used for swirming stress fell froam 31, 3°C to 29,7°C during the 2.5 hrs. Isoproterencl (20mg/kg)

was injected subcutanecusly in 0.1 ml 0.85% NaCl. *Significantly smaller than all gther groups,

P < .01, **Significantly greater than intact animals receiving the same treéatment P < ,01. Data is
based on 6 animala and is presented as the mean + S5.E. mtactanisurgicallyprepa.mdratswem
obtained from the Zivie Miller On. (Allison Park, Pemsylvanm) Surgically prepared animels were
10 days post-operative. . :

This is in agreement with earlier studies which showed that immcbilization stress and hypogly-
cemia cause a small increase in N-acetyltransferase activity and pineal melatonin in starved
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animals kept in a L:D 24:0 lighting schedule for 48 hours (3). The increase in-N-acetyltransferase

activity we cbeerved

in intact animals was only.4 times greater than control values and less than

5% of that seen in unstressed animals given a large dose of isoproterencl.

In SOGX rats, however, the activity of N-acetyltransferase after swimming stress was 50 times |

greater than controls and not significantly smaller than that seen following isoproterenol treatment

{Table 1). Partial chemical (E—OH-dq)amine) swpathecmry also increases the N-acetyltransferase

reponse to stress (3).

It was postulated that this 1mrease resylted from either an increased

release of neurcpal or adrenal catecholamines mto the c:.rmlaum in chemically synpathectmuzed

animals, or froam supersensitivity resulting from sympathectomy. Of these two puss:.bihues, only

the latter ha.a a_.ppli_.c;abil:ity in cur experiments because we used a specific swcqica], mpat'hectuny.

e have c:mf.;u:rred previoua f:.rﬂmgs (3} that the incraase in N-aoetyltxax\Sferase caused by

stress:.sblo::kedby

aBadremergmblock:.ngagmt. AfterZShrsofmmingﬂmeactiw.tyof

pmaal N—acetylt.mnsferase in pi.neal glands of SCCX animals treated wu:h propramlol was ment:.cal

tpo that in unstressed a.rdmnls. 'nus .md:l.cates that w:l.rrm:!.n; st.ress :.ncreased N—aoetyltrm:sferase
via B-adrenergic stimulation of the pmeal gland.

TABLE 2°

Effect of -injection of D,I-propranclel on the response of SOGX rats

to swimming stress

Treatment ) N-Acetyltransferase Activity

(rmoles/gland /hr)
Nong o ’ ’ 0.39 + 0.12
Swinming stress 7.19 + 0.52
Bmmnmg at;.rﬁs_;b D, L~propranclol L 0.37 4+ 0.11

Pats were subjected to éwimming stress for 2.5 hrs beginnihg at 1330 hrs.- The water temperature
fell from 31.2°C to 29.4°C during this time. D,L-Propranolol (20 mg/kg) was injected in 0.1 ml of
0. 85% Nacl :i:rmad:l.at:ely before the animals were stressed. For other details see the legend of Table 1..

'The effects of stzess on "a\persms:.tlve" pi.neal glania

In unpublished atudiee we have eommed whether supersmsitwe pineal glands eshibited a -

greater response tu stress. s\persmsiuwty was induced by sub)ectmg intact apnimals to wp & 22

_days of light {12).

The respcnse to wmting stress was not substant:.ally mczeased In add:.t.:.on
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only a small increase in the response tO stress was cbserved at night after 19 hours of light

(Ta‘ble 3), when pineal glands should be more sensitive than they are at ncon {13,14). This increase
was q.uite small campared to that seen in isoproterencl-treated animals or in animals in the dark at
night. The failure of these supersensitive glands to show a larger response suggests that super-
sensitivity alone may not be responsible for the increased response in SOGX apimals,

TABLE 3
Influence of the time of day on the response to swimming

stress in intact rats

Treatment Time of Treatment " N-Acetyltransferase Activity
‘ {nmoles/gland,/he)
Light 1200-1430 0.17 + 0.04
' 2400-0230 0.21 + 0,11
Swilmming stress 1200-1430 " 0.66 + 0.15 .
2400~0230 1.07 + 6.19
Darkness 1200-1430 0.26 +.0,11
2400-0230 6.27 + 0.21
Isoproterercl 1200-1430 ' 16.34 + 0.83
' 2400-0230 - ‘ 21.40 +1.30

Water temperature during the 1200-1430 swirmipg stress fell fram 31.3°C to 28,9°C, and from 31.5%C
to 29.2°C during the 2400-0230 stress, Rats stressed from 2400-0230 hrs were maintained in constant
light. from 0500 hrs of the same day, Iscproterencl (20 mg/kg) was injetted subcutanecusty in 0.1 ml
0.85% NaCl., For other details see the legend of Table 1.

The effects of stress on pineal N-acetyltransferase activity in animals with

decentralized superior cervical ganglia

Tha failure of pineal glands which had been made supersensitivg by prolonged exposure to oon-
stant light to show an :Ln::reased stress response led us to examine the possibility that nerve endings
in the pineal gland were playing a protectlve IOlea perhaps by taking up circulating catac)nlams
released during stress. To test this we deternuned if p:.neal glands deprived of swpathetxc stim-
lation but retaining nerve endings, as a result of decmtrah.zation of the superior cervical ganglia,
responded to stress differently than those from sccx animals. Both types of glands should be equally
supersensitive (15). Following swurmmg stress, pineal N—acetyltransferase act:l.v:.ty in annnals with
decentralized superior cervical ganglia was about 25 percent of‘f that seen in J.dent;lcally stressed

50GX apimalg (Table 4). This suggested to us that nerve endings reduced the response to stress.
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TABLE 4

Comparison of the effect of SOGX and decentralization on the response to swimming stress

Surgical Group Treatment N-Acetyltransferase Activity
{nmoles/gland/hr)
Intact None ’ 0.44 + 0.06
' Swimming stress - 1.01 + 0.22
Pecentralized Nane: ’ . 0.41 + 0.06
Swimming stress 4.35 + 0.81 *
506X _ None 0.73 + 0.19
Swimming stress 12.35 + 2.11

Rats were stressed for 2.5 hrs beginning at 1330 hrs, During this time the water temperature drop—
ped fram 31.3°C to 29.7°C., Both the decentralized and SO rats were 10 days post-cperative.
*Significantly different from all other values, P < .0l. For cther detalls see the lagend for
Table 1. . . : <o

It seeams reasmable to assume that pineal glands taken from decentralized rats were at least as
spersensitive as pineal glands taken from SCGX animals because both types of glands are deprived of
sympathetic stimalation and exhibit a supersensitive qclic AMP response to norepinephrine (15). It
would thus appear that the decreased response to stress of pineal glands taken from animals with
‘decentralized supermr cervical ganglia.as curpa.red to that from SOGX animals may be due primarily
to the presence of nerve endings, and not supersensitivity, The response of pmaal glands from
decentralized animals may have been larger than that seen in intact glands, both of which have nerve
endings, primarily Because of the supersensitivity of the former group resulting fn:m the chronic
decrease in sympathetic tone.

Rnother approach o the questicn of whether the synpathetic neuron, specifically the neuronal
uptake Of catecholamines (uptéke,) (16), was preventing a large pineal N-acetyltransferase response
of intact animals to stress was to treat hiese animals with drugs which are known to block ptake, .
Treatment with phentolamine, the adrenergic blocking agent which also inhibits wptake, (17), in-
creased the pineal N-acetyltransferase response to swimming stress from 3.7 to 18 times control
values (Table 5), These results are in agreement with those of experiments in which we used the
tricyclic antidepressent desipramine, one of the most potent inhibitors of uptake) (16). Desipramine
treatment (10-20 mg/kg) of intact animals resulted in a 50-fold increase in N-acetyltransferase
activity following 2.5 hours of swimming stress (unpublished results).
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TABLE 5

The effect of phentolamine on the response of intact rats to swimming stress

Treatment M-Acetyltransferase Activity
(moles_/glatﬂ/hr)
None 0.14 + 0,03
Phentolamine 0.17 + 0.02
Swimming stress 0,52 + 0.29
Swimming stress + phentolamine 2,31 + 0.55 *

Rats were stressed for 2.5 hrs begimning at 1330 hrs. During this time the water tewperature fell
from 31,2% to 29.6°C. FPhentolamine (20my/kg) was injected subcutaneously in 0.5 ml 0,85% NaCl.
*Significantly greater than all other values, P < 0.0l. For other details see legend to Table 1.

General implications

The mechanigm through which catecholamines are taken up by nerve endings has been well charac-
terized (16}. It functions physiologically to terminate transsynaptic transmission by removing
active neurotransmitter from extracellular spaces. It would appear fram the above studies that this
mechanism also plays an important protective role in stress, Appirently, circulating catecholamines,
releaged due to stress, pass through blood vessels into the extracellular space of the pineal gland.
In intact animals this space contains sympathetic nerve fibers which could ramve cuculating adrenal
and neuronal carecholamines via neurcnal uptake mechanism, In this manner stimilation of the highly
sensitive adrenergic-cyclic AMP system which regulates pineal N-acetyltransferase activity would be
prevented. ' ' '

It would seem that tie relative degree to which a tisswe is innervated by sympathetic fibers
would determine the degree to which adrenergically regulated processes inﬁntissuérespaﬂt:o
stress. Those tisgues like the liver (the source of glucose durmg stress) which receives less
sympathetic innervation, would respond more than other tissues, such as the pineal gland, in which
imervation is extensive. The potential importance of a neurvnal wptake process as a protective
mechanigm in the pineal giland is cbvious: it prevents spurious changes in melatonin synthesis
during times ¢f stress, The general importance of this mechanism in stress remains to be detemined.
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DISCUSSION

Dx. I&&nerova asked for an explanation of the small increase observed by Dr. Klein after im-
mobilization as contrasted to the large increase reported from Wurtman's laboratory. Dr. Klein thought
those large increases might be due to the insenaitivity of the assay system used at MIT; control val-
ues were obtained at just a few counts above background. Dr. Illnerova also mentioned that she had
obtained similar results to Dr. Klein after administration of desmethylimipramine; however, she used
fn place of stressed animals, animals which were transferred to light at night after being kept in the
dark. Under these conditions, Dr. Klein had -reported a very rapid fall in N-acetyltransferase. She
congluded that her results indicated that uptake is qulte important.

Dr. Telegdy commented that his laboratory had run into similar problems as described by Dr. Klein
when they tried to correlate hypothalamic serotonin 1e0g13 and pineal serotonin level. Difficulty was
introduced because the circadian rhythm of the pireal gland and the hypothalamus were not parallel;
‘this led to the question as to whether pineal serotonin was influencing the hypothalamic serotonin
lavel. To determine the effect of the pineal on the stress mechanism, the gland was extirpated, but
this was jineffective. However, when the cervical ganglia were removed, there was a facilitated stress
response. He wondered 1f the mechanism for this is action on the hypothalamus indirectly by the pineal.
Perhapa the cervical ganglia have a special innervation to the hypothalamus which might have some reg-
ulatory function.

Dr. Kvetrnanshy wondered 1f there was some in vivo function for epinephrine in the pineal; he
asked if Dr. Klein had measured pineal epinephrine levels. Dr. Klein replied that he doubted that
there is a physiological role for epinephrine as a transmirter and chat no one has presented evidence
that is synthesized in the pineal.

Dr. Ganeng asked Dr. XKlein to what extent he equated changes in pineal N-methyltransferase with
release of melatonin from the gland. Dr. Klein said his only observations were in organ culture.
When N-scetyltransferase goes up, the vate of melatonin formation goes up. The rate of release also
correlates well; i.e., when welatonin production stops, release stops. Since the pineal does not store
melatonin, levels can change in 12 hours from undetectable to about 50 picamples., The pineal can make
tremendous amounts of melatonin (2,000 picamoles in a 12 hour period)}, but it stores very litcle.
Dx. Garong then commented that Dr. Klein's dats would indicate that under stress there should be a
sharp rise in melatonin levels and when a ganglionic blocking drug was given or the subject was de-
nérvated, there should be a hugh rise in melatonin with every stress. Dr. Kleln did not know if this
would be true for ganglionic blocking agents but believed it wouyld hold for ;ropranolol or DMI. He
felt that the nerve endings protect against stress increase; the stress will preoduce huge increases
in melatonin omly when the protective mechanism is blocked.

Da, Redls inquired whether the gangliectomy was bilateral or unilateral. When informed that it

was unilateral, he asked if unilateral gangliectomy would produce half the rise in level, but Dr.
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Klein sald that he had no basis for prediction. DA, Redé then discussed some resylts with 6-OHDA.
Animals so treated have their peripheral adrenergic inmervation destroyed. In thaes animals, blood
pressure is maintained, but 1f they are adrenalectomized the blood pressure drops to a lethal level
even though ad;enalectpmy of control animals produces no effect on blood pressure. The 6-OHDA treat-
ed animals also become extremely sensitive to perfused pressor agents; this is evidence that the nerve
endings are of impportance to the circulatory system. Thug, even though one can not normally detect a
role of adrenal epinephrine on the circulation, this is because the teats are run in the presence of
nerve terminals. However, after selective denervation, any activity may be import;n;. Dr. Reis con-
cluded that patients under drug therapy for hypertemsion or depression may be driving up their mela-

tonin levels; this may be related to the behavioral response.



