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Alterations in brain monoamine neurotransmitter release
at high pressure

S.C. Gilman, J.S. CoIton, and A.J. Dutka
Diving Medicine Department. Naval Medical Research hmitutc. Bethesda. M I) 20X 14-5055. USi'\

Summary. High pressure exposure produces neu-
rological changes which manifest as tremors. EEG
changes and convulsions. Since previous studies
have implicated the involvement of the monoamin-
ergic system in these symptoms. it was of interest
to study monoamine release at high pressure. Syn-
aplosomes isolated from guinea pig brain were
used to follow monoamine efflux at 68 A 1"A. The
major observation was a decrease in the initial cal-
cium dependent release of all three monoamines
in remonse to K ' induced depolarization. This
response is similar to that previously observed for
GABA. glycine and glutamate. This generalized
pressure induced depression of initial transmitter
release suggests a mechanism common to the re-
lease process for both excitatory and inhibitory
neurotransmission.

Key words: Neurotransmitter - High pressure ner-
vous syndrome - Synaptosome - Monoamine -
Pressure

Introduction

High hydrostatic pressure is the etiologic factor
underlying nervous system changes referred to as
the high pressure nervous syndrome (HPNS).
HPNS is observed when human divers and experi-
mental animals are exposed to pressures greater
than 27 atmospheres absolute (ATA). The symp-
toms of HPNS resemble to varying degrees other
neurological dysfunctions such as the metabolic
encephalopathies. Parkinson's Syndrome, MPTP
toxicity. or reaction to the street drug "Ecstacy"
(Barnes 1988: Bennett and McLeod 1984: Hallen-
beck 1981: Hiekkila 1988: Langston et al. 1983:

O/Ij'rint r('(/u('st\' k).' S.(' Gihnan (acjdress sec abovc)

Ricaurte et al. 1985: Vaernes el al. 1983). The dis-
order is progressive and appears in several siages.
Initial manifestations are in the form of neuromus-
cular tremors succeeded by EEG changes, myoc-
lonus and finally convulsions (Hunter and Bennett
1974).

A possible role of the brain monoamines (i.e..
serotonin, dopamine, and norepinephrine) in the
development of HPNS has been speculated for
some time. Brauer et al. (1978) first showed that
reserpine, a monoamine depleting alkaloid, accen-
tuated pressure-induced convulsions in mice. The
reserpine effect could be partially reversed by the
administration of a monoainine precursor or a
monoamine oxidase inhibitor. Subsequently. Kob-
lin et al. (1980) found that FLA-63. a dopamine-//-
hydroxylase inhibitur that depletes brain norepi-
nephrine, caused a significant reduction in the pres-
sure at which tremors and convulsions occurred.
In a later study, Bowser-Riley et al. (1982) investi-
gated the monoamine and high pressure interac-
tion using neurotoxins that cause physical destruc-
tion of monoaminergic neurons. They found that
those agents which depleted norepinephrine also
consistently lowered the HPNS threshold level. In
contrast, the depletion of brain serotonin was
found to have no effect on the HPNS pressure
thrcshold. These findings led Bowser-Riley (1984)
to conclude that, of the monoamines. only norepi-
nephrine is associated with pressure-induced ence-
phalopathy. On the other hand. some investigators
feel that the hyperexcitability associated with pres-
sure exposure results from a general imbalance of
the three monoamine neurotransmitter systems
(Koblin et al. 1980). Therefore. thc present study
was designed to characterize the effects of pressure
on the release of fH]serotonin. ["'H]dopamine.
and [W]norepinephrine from presynaptic nerve
terminals isolated from guinea pig brain.
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as mcasurcd wi(h ii paramagnc(ic (): analycr CCils maintained
at 0.49 + (LI ATA. A rccirculation aimosphcrc control \y4lcn1
was used to regulate CO, at <(LO(M)S ATA. ilr mcaburcd t'}
an infrared analycr.

During compression. ihc filter Mix uabhcd continuoush
with buffer medium. On reaching 68 ATA. the speed of' lh:'

pcrisialtic pump Mis adjusicd to pcrl'use ihc liltcrs ill a rate
of 5(K) µ1 min with buffer medium. Three " \k ilbh " pcr|'usalcb
were then colicclcd directly into scintilkiion \iiiis. Ai 3 min
at'tcr the b¢ginnine ol' Yllpcrlilsion. the hul'l'cr medium uax
quickly substiiutcd with a n(mdcpolariline (S mM K " ). or ii
dcpo|ilri7ine (SS mM K ' ) "el'!1ux "' huITcr medium. The compo-
sition was (in InM): NaCl. 145 or 95: KCl. S or 55: ('a(1,.
|.2: Mg(1,. 2.$: K H,PO,. 1.2: Hl:PtiS. 21): ¥luu)sc. 1():
pH ?.4. Nine t'ractiom coniaining 500 µ1 each of' pcr|'umllc were
collcctcd every minute directly into scintiilmion \ iais.

During the release studies. the tcmpcraturc of the bull'cr
media and perfusion chamber was consiantly moni(orcd bv mi-
crothcrmistors and constantly maintained al 37° C ± o.ns° C us-

ing YSI model 73A tcmpcraiurc control units. At the end of'
the rc|ca*' studies thc hypcrbaric chamber was decompressed
to 1 ATA at ihc rate of4.03 ATA min. Aliquots from the same
synaptosomc preparation were used for obtaining the 1 ATA
and 68 AT/I release values for all experiments. The control
preparations were handled in a manner similar to the cxpcri-
mental group. except that pressure exposures were in air at
I ATA.

Fifteen ml ol" Biotiuor was addcd to each scintillation vial
and radioac(i\ily determined for each pcrfusatc. The radioacli\-
ity rcmaining on the liltcrs al ihc end of ihc supcrfusion was
also counted. Each lihcr was placcd in a scintillation via) con-
taining 5(X) µ1 of lb sodium dodtcylsulf"atc. After agitation.
15 ml of Bin(1n('r w:j ' added and the Mer counted for radioac-
tivity.

Fractional cl11ux was expressed as pcrcentapc of" total ra-
dioacli\'ily. where iotal radioactiviiy was the sum ol"al1 fraction-
al filtratc and radioactivity remaining on the filter. Data were
analyzed by ANOVA and P< 0.05 was considered statistically
significant.

Results

The time course of depolarization-induced efflux
of [3H]serotonin from synaptosome fractions iso-
lated from the brain is shown in Fig. 1. Application
of the high K" medium containing Ca" initially
induced a four-fold increase in the release of
[U1]scrotonin by the synaptosome preparation.
After the first 2- 3 min. however. this evoked re-
lease rapidly declined. returning within 8 min to
the resting efflux levels.

Synaptosomes were also perfused with a depo-
larizing (55 mM K ' ). calcium-free medium, with
MgCl, replacing the omitted CaCl,. to study the
effect of calcium removal on depolarization-in-
duced [3H]serotonin release. The removal of calci-
uni from the depolarizing medium essentially elimi-
nated the f'our- to five-fold increase in serotonin
release evoked by high K " (Fig. I). Qualitatively
similar responscs were obtained for dopamine and
norepincphrine (figures rio( shown).

(

The prcsynaptic vesicle (synaptosome) prepara-
tion was selected because it retains the transport
properties of the pre-synaptic nerve ending in situ.
responding to depolarization with a release of" neu-
rotransmitters (Blaustein et al. 1977: Cotman et al.
1976: Debelleroche and Bradford 1973). Synapto-
somes also offer an advantage for studying neu-
rotransmitter release since multi-neuronal or neu-
ro-glial interactions can be eliminated.

Material and methods

4niinu/s

Adult male Hartley guinea pigs (300 400 g) (Charlcs Rivcrs
Breeding Lab. Wi||inglvn. MA) were housed al thc Laboratory
Animal Facility. Naval Medical Research lnsiitutc. under a 1 2 h
dark cycle with food and water provide.' ad 1ibiium.

,1 lul('ri(l/

RiidioactNe ["' H ]scrotonin [( "H )4-hydroxytryptaminc crcati-
nine sulttuc: IS 30 ('i mmol]. ("'1l]dopaminc (spccitic activi-
ty = ?0 40 Cl. mwiol). and 1-[3H]norepincphrinc (S IS Cl
mniol) were purchased froni New England Nuclear Corpora-
tion (Boston. MA). All other chemicals were purchased from
Sigma Chemical Company (St. Louis. MC)).

Method

Guinea pigs were decapitated and the brain roscral Cc) che c'ere·
bellum placed in ice-cold 0.32 M sucrose buffered with H EPES.
Synaptosomcs were prepared by a previously describcd icch-
nique (Gilman Cl al. 1986a).

The method used for radioactive monoaminc loading of'
the synaptosomcs was similar to that previously described (Rut-
lcdgc 1987: Steele cl al. 1987). The final synaptosomc pcIlct
was suspended in 10 volumes of buffer medium. The composi.
iion was (in mM ): NaCl. 145: KCI. S: CaCl,. 1.2: MgC I,.
2.5: K H,Po,. 1.2: HEPES. M): glucose. IQ: pargylinc. 0.01;
pH 7.4. Aliquots (I ml) of the synaptosomal preparation con.
taining 3.0 3.5 mg.ml protein were incubatcd for 1$ min at
37" C. and then the radio-labclcd monoaminc (I µ('1) added
and incubaUon continued tOr 25 min (o allow upcakc by the

tissue.

(bmpr('3:¢'i(m sn((/je.b·

Following uptakc. a I ml aliquot of the radioisotopc-loadcd
synaptosomc suspension was transferred to a filter unit consist-
inp of a 0.45 µ nylon membrane liltcr positioned on a n:ultipcr-
formed support of a lO-ml perfusion chambcr. The perfusion
chamber was then connected to a peristaltic pump and the
filters immcdiatcly washed with 25 ml of bufTcr medium using
thc highest pump spccd.

After washing. lhc filtcr unit and supcrfusion apparatus
were placed in a hypcrbaric chambcr (modcl 18361. Bethlehem.
Hcllcrtown, PA). Ten mi||i|i(crs of buffer medium were poured
directly over thc filter and the hypcrbaric chambcr was flushed
with 1(X)'/o oxygLn lOr I min. prcssuritcd to i.3 t\TI\ with oxy-
Ecn. and then to a final dcµh of 68 ,AT,A with helium. at a
compression rate of 4.03 ATA, min. Oxygen partial pressure
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Fig. I. Rckase O!' 1" H]s¢rQlonin from guinea pig bram synapto-
some fractions. (A). depolarized. Ca2 " prcscni: (0). depolar-
ized. Ca: " absent: (Cl). non-dcpolarizcd. Ca2 ° present. Mtcr
µe-loading with ["'1l]scrotonin. synaplosomc aliquots were
superfused with a high sodium. calcium-free bullCr medium
1"or 3 min. then 55 mM K '-containing medium with or without
('a' ' or S mM K '-containing medium with Ca2 ' was similarly
xupcrfuscd l'or the 9 min marked by hori7ontal bar (i.c.. 3
12 n)in). Each point represcnis mean + SEM of six experiments
for each condition

Pressurization of the synaptosome preparation
to 68 ATA did not cause any significant change
(p >0.05) in the resting, non-depolarized efflux of
serotonin. dopamine. or norepinephrine by these
pre-synaptic nerve terminals. However. the total
evoked release (i.e.. both calcium-dependent and
calcium-independent) of either [3H]serotonin,
f"' H]dopamine. or ['H]norepinephrine from synap-
tosomes in the presence of 1.2 mM Ca2 " was sup-
pressed by compression to 68 ATA (Figs. 2A. 3 A
and 4A). Data analysis showed that the depression
in release of all 3 monoamines were significant (p >
0.05) at the first minute after poiassium depolar-
ization. The release of the three monoamines in
the absence of Ca2 ". on the other hand, was little
affected by compression (p>0.05) (Figs. 2 B. 3 B.
4 B for ['H]serotonin. The difference in release be-
tween the Ca2" containing and Ca2" free media.
which is the calcium-dependent component of re-
lease, is similar to the total release profile since
the calcium-independent component was negligible
(Figs. 2 C, 3 C. 4 C). Statistical comparison between
the 1 ATA control calcium-dependent data and the
68 ATA calcium-dependent data indicates that re-
lease of the [3H]serotonin and fH]norepinephrine
during the first two minutes after potassium depo-
larization is significantly lower at high pressure
than in corresponding control values (p <0.05).
Dopamine release. on the other hand, was reduced
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Fig. 2A-C. Effect of compression to 68 ATA on the high K c
evoked release of {"'Hjscrotonin from synaptosomcs. A In the
presence of Ca' ' : B in the absence of Ca' ' : C' ("a' ' -dcpcndcnt
release. i.c.. the dilTercncc between A and B: (A). I ATA: (O).
68 ATA

only during the first minute of pressure exposure.
This indicates that compression is selectively de-
pressing the initial depolarization-induced calci-
um-dependent release of the [3H]monoamines by
synaptosomes isolated from the CNS.
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Fig. 3A-C. Effect of compression to 68 ATA on the scimulaccd
release of ['H]dopaminc A. in the presence of Ca" : B in thc
absence of Ca' " : C Ca2 '-dcpcndcm release: (A). I ATA: (0).
68 AT1\. Each point represents mean ± SEM of four experi-

ments

Discussion

High pressure nervous syndrome is associated with
clinical manifestations that partially resemble the
outward signs of 1-methy1-4-pheny1-1.2,3,6-tetra-

Fig. 4A-C. ElTcct ol' compression to 68 ATA on stimulatcd
fH]norcpincphrinc release: A in the presence ol" Ca2 ° : B in
the absence of Ca2 ' : C Ca2 °-dcpendcnt release: (A), 1 ATA:
(0). 68 ATA

hydropyridine (M PTP) intoxication, Parkinson's
Syndrome, and 3,4-methylenedioxymeth-amphet-
amine (M DMA) administration (i.e.. muscle trem-
or, sleep difficulty. impaired cognition. and re-
duced psychomotor performance) (Bennett and
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McLeod 195¢4: Hallenbeck 1981: Vaernes el al.
1983). As previously mentioned, reserpine preweat-
merit in mice produces a significant decrease in
brain serctonin. dop:mim. t:nd norepinephrine,
and is associated with a fiill in tremor threshold
when these animals are exposed to high pressure
(Koblin el al. 1980t These observaiions suggest
that depression of monoarniner¥ic pathways may
contribute to the outward clinical signs of" high

pressure exposure.
The major observation j;j this study was a sig-

nificant suppression in the initial (i.e.. the first 1
or 2 min) efflux of the three monoamines (viz. sero-
tonin. dopamine. and norepinephrine) from depo-
larized brain synaptosc'mes after compression to
68 ATA. This suppression of' stimulated release co-
incides with decreases previously noted in the calci-
um-dependent release for GABA. glycine. and glu-
tamate after pressurization to 68 ATA (Gilman
el al. 1986b: Gilman et al. 1987). Thus. the effect
of high pressure on potassiurn-stimulated. calcium-
dependent transmitter efflux in perfused synapto-
somes, appears to produce a generalimd retarda-
tion in the initial release of all the transinitter sub-
stances mentioned above.

Since there appears to be a generalized pres-
sure-induced inhibition of initial transmitter re-
lease from potassium depolarized synaptosomes.
it is reasonable to suspect a common factor affect-
ine the mechanism of release for most (if not all)
calcium-dependent neurotransmitters. It is not
clear whether release is being depressed as a conse-
quence of" an impairment of" calcium entry into the
nerve terminal or as the result of an interruption
of some other aspect of the calcium-dependent cas-
cade that couples stimulation with release (e.g.. cal-
cium-calmodulin binding. membrane phosphoryla-
tion. or vesicle fusion) (Augustine et al. 1987: Dc-
Lorenzo 1980: Huttner et al. 1983: Heinemann
Cl al. 1987: Pollard et al. 1987).

In an earlier study, we have observed that
"$Ca2" uptake into synaptosomes is significantly
depressed at 68 ATA (Gilman et al. 1986a). This
finding strengthens the supposition that high pres-
sure most likely alters voltage-sensitive calcium
channel gating, and therefore depresses transmitter
release. On the other hand. there is some evidence
that other components of the cascade for calcium-
dependent transmitter release are also modified by
elevated pressure. Support for this notion is pro-
vided by studies in our laboratory with the calcium
ionophore. A23187, applied to synaptosomes prior
to exposing them to elevated pressure. Preliminary
data reveals that A23187 does not reverse the pres-
sure-induced inhibition of calcium-dependent

transmitter release. Since A23187 forms a mem-
brane-bound calcium - hydrogen ion exchange
carrier, the endogenous membrane calcium chan-
nel should be bypassed. Thus, calcium entry into
the terminal should occur independently of' the en-
dogenous calcium channel. The A23187 results.
therefore. lead us to suspect a pressure-induced
modification of components in the release subse-
quent to calcium entry. However. it is currently
unknown which component(s) is(are) involved.
Further support f'or this supposition is provided
by the studies of Heinemann et al. 1987. These in-
vestigators observed that Ca2 " currents in patch-
clamped chromaffin cells were independent of'
pressures up to 400 aim and that the iclease dto-
cess was slowed down while a decrease in ma:.
brane capacitance was noted. This suggests that
pressure affects neurotransmitter release at some
point other than the calcium ion channel.

The depression of the early phase of transmitter
release from nerve terminals in response to high
pressure in the whole brain would have profound
effects on information processing, timing, and mo-
dulatory action in motor, sensory. and behavioral
pathways. However. it is unknown whether there
is actually an analogous pressure-related depres-
sion of depolarization-induced. calcium-dependent
release of serotonin, dopamine. or norepinephrine
in the whole, intact brain. It is also unknown if
this phenomenon is actually a contributory factor
in the development of the outward symptomato-
logy of HPNS. On the other hand, such a depres-
sion could contribute to the motor and behavioral
changes associated with high pressure exposure.

A(4m()w/edg('nl(·n/s. The awhors give special thanks to Jcfl'rcy
Boogaard for valuable technical support. The authors also
thank Susan Cccire and Janet Gaines for assistance in thc prep-
aration of this manuscript. The study was supported by the
Naval Medical Research and Development Command Research
Task M0099.0lC.001 5. The opinions and assertions contained
hercin are the private ones of the authors and arc not Li) be
construed as ofHcial or rcflcctinj; the views of' the Navy Dcpart-
mcnt or the Naval Service at Iarpe.

References

Augustine GJ. Charlton MP. Smith SJ (1987) Calcium action
in synaptic transmitter release. Ann Rev Ncurosci 10:633
693

Barnes DM (1988) New data intensify thc agony over ccstacy.
Scicncc 239:864 866

Bennett PB. McLcod J (1984) Probing the limits of human
deep diving. Philos Trans R Soc Land 8304: 105 117

Blaustcin MP. Kendrick NC. Fried RC', Rawlaft RW (1977)
Calcium metabolism at the mammalian prcsynaptic nerve
terminal: lessons from the synaptosomc. In: Cotman WM.
Ferrcndclli JA (cds) Approaches to the cell biology of' neu-
rons. Society for Ncuroscicncc, Bethesda. pp 149 1 $9



IM

Bowser-Rilcy F. Dobbic JA. Paion WDM, Smith I:B (19X2)
.'\ possiblc role t'or monoaniincrgic inhibimn in ihc high
prcssure ncurolopical syndrome. LMdc"sca Bionicd RCr
9: 32 .U

Bowscr-Rilcy F (19X4) Mechanistic studies cm the |l;gil prcssuc
ncurolopical syndrome. Philos Trans R qoc l.cmd B 304: 31
41

Braucr RW. Bcawr RW. Shcchan Ml: (1978) Role ol' mono-
aminc ncurotranmittcrs in the compression rate dqwn-
dcncc of" HPNS convulsions. In: Shilling C'W. Bcnncii M W
(cds) Procccdinps of the 6th sgmpoxiuni on underwater
physiology. FcdcraUon of' American Socictics l'or Experi-
mental Bi('k)¥}. Bethesda. pp 49 6()

('otman ('W. }layc('ck JW. Whil0: WF ( l')j'6) Siimulus-xccrc-
tion coupling processes in brain: analysis ol' ncmtdrcnahnc
and µmma-aniinohutg ric acid release. J PhyxicM 254:475
SOS

1)cbcllcrochc JS. Bradford 111· (!973) The synaplosolnc: an
isolated. working neuronal conipartmcnt. Prog Ncurobiol
1 :277 29x

1)cLorcm'o RJ (1980) Role of" calmodulin in ncurotransmiltcr
release and xynapiic function. i\nn NY Acad Sci 3$6:92
109

(iilman SC. Kumaroo K K. llallcnbcck J M (19X6ii) F.lTects of
pressure on uptake and release of calcium by brain synpato-
somes. J AppI Physiol 6(): 1446 1450

Gilman SC. Cotton JS. Hallcnbeck JM (1986 h) Efl"cct of pres-
xure on j"'H]GABA ic1ca»c by synaptcwomcs isolated from
the cerebral cortex. J Appl Physiol 61(6): 2067 2073

(iilman SC. Colton JS. Dutka AJ (1987) Effect of' pressure
on (hc release of' radi(mc(ivc glycinc and CiA BA from spinal
cord synaptosonics. J Ncurochcm 49: 1571 1578

itallcnlmk JM (1981) A vicw ot" some fundamcntajs of chc
high pressure nervous syndrome. In: Bachrach AJ. Maucn
M M (eds) Undcrsca physiology. Undersea Mcdicai Sociciy.
Bcthcsda. pp 305 315

lleilr kila RE (1988) 1McthylA-Phcnyl-1.2.3,6-Tetrahydropyri-
dine (MPTP): a dopaminergic ncux"4oxin. Ncurotrans-
missions 4: I 4

Hcincmann SH. Conli F. Stuhmcr W, Nchcr E (1987) Efi'ccls

0

ol hydrostatic pressure on membrane p|l)l'csscs: bodium
channels. calcium channels. and cu)c}lo%i\. J Gen I'hyid
90: 765 77X

llunter WL. Bennett PB (|974) Thc CitUsCx, mcchi|nibln\. and
|)l'c\¢ntit)n of' ihc high prc»mrc i)c1'\oln ·yl|jro|nc. Under-

sea Biomcd Rcs I :1 2X
Huiincr WB. Schicblcr W. (kecngard P. 1)c('amilli P (|9X3)

Synapsin I q'rotcin I). ii ncnc lcrnlini|l-spcc|lic phospho-
proicin. Ill. Its association \Li(h synaptic \c»ici¢x siudicd
in a highly purilicd b}narlic \'cxicic preparation. J ('di Biol

')6: 1374 13XX
Koblin DI). Little HJ. Green A R. Daniels S. Smiih E. B. Paton

WDM (19XO) Brain monoamincs and the high prmurc ncu-
rdogical syndrome. Nclbrophilrn)aco|('£} 19: \031 1(LfX

Langston JW. Ballard P. Tctrud J W. Irwin I (l')x3) Chronic
parkinxonism in humans due to il product of' mcpcridinc
synthcsix. Science 21'):979 9X()

Pollard 1(B. Rojas ii. Burm A L ( 19X71 S\ ncrin a nd chroma t1in
granule membrane fusion : a novel ': hydrophobic bridge "

hypothens for the driUng and directing of" the fusion pro-
cess. /\nn NY Acad Sci 493: 524 541

Ricaurtc G. Bryan G. Strauss 1.. Scidcn L. Schimcr C (1')Xfi)
Ha)lucinoµnic amphctaiuir.: bc|ccli\cl} destroys scroionin
nerve terminals. Science 229: 9X6 9XX

Rutlcdgc CC) (1987) EfTcct of' mctaholic inhibitors and ouabain
on amphetamine- and potassium-induced release of bioµmic
amincq from isolated brain. Biochcm Pharmacol 27: SI I

516
Stcclc TT. Nichols 1)1:. Yim. G K W ( 19X7) Stcrochcmical efTccts

of" 3.4qncthykncdioxy-mclhamphctilminc (M DM A) and re-
latcd amphetamine derivatives on inhibition of' uptake of
[3H]monoanlincs into synaplosomcx from difl"crcnt rq;ions

of rat brain. Biochcm Pharmacol 4(v; 2297 2303
Vacrncs R. llammcrborg D. Ellcrtscn B. Peterson R. 1'onjum

S (1983) ("cniral nervous sYstcm reactions dljrin£ hcliox and
trimix divcs to 51 ATA. U"ndcrsca Biomcd Rcs IQ: 169 192

Received Scptcmbcr 2. \988 Accepted .lune 6. 1989

D, >·.

%i:c'; ,

AcceMo'( TOr

NTIS CR"4&1 !I
DTIC 1Ab (J
Unanno i"Cud CI
JUStfhCjt0,q i

8y ._......

DiStribuhon I

Av^bi||ty Codes

" Avdj d'|d ior
Dist SL)ecla|

A-l 2o


