
Environmental Influences on Serotonin and Cyclic 
Nucleotides in Rat Cerebral Cortex 

Abstract. The response to different environmental conditions and negative air ions 
was investigated on cerebral cortical serotonin and cyclic nucleotides. The results 
indicated that negative air ions alter the weight of the cerebral cortex and that con- 
centrations of serotonin and cyclic nucleotides can be altered both by different envi- 
ronments and by negative air ions. The data stress the importance of the role of the 
environment when studying the structure and chemistry of the cerebral cortex. 

The structure and chemistry of the ce- 
rebral cortex change constantly in re- 
sponse to modifications in the external 
and internal environment. Sensory stim- 
uli from the external environment can ei- 
ther increase or decrease the size and 
chemical responses of the cerebral cor- 
tex, depending on the quantity and quali- 
ty of the stimulus (1). Cortical morpholo- 
gy and chemistry can be altered by fluc- 
tuations in the internal environment 
brought about by such substances as 
hormones (2). The possibility that phys- 
ical environmental stimuli other than 
those classically regarded as "sensory" 
(for example, electromagnetic waves) 
may also have such effects on the brain 
is beginning to receive some attention 
(3). 

That atmospheric ionization may rep- 
resent one such stimulus is suggested by 
the work of Sulman et al. (4), who stud- 
ied the responses of groups of weather- 
sensitive individuals to changes in the 
ionization of air and noted, among other 
things, desynchronization and frequency 
shifts in the patterns of their electroen- 
cephalograms (5). We became interested 
in studying air ions because there are 
considerable shifts in the concentration 

of air ions in the ambient atmosphere of 
our biosphere, resulting from the winds 
of ill repute, such as the foehn, chinook, 
and Santa Ana. The physical properties 
of small air ions are discussed by Krue- 
ger and Reed 6). 

The concept that the known physio- 
logical and biochemical effects of air ions 
may depend on their ability to alter the 
metabolism of biogenic amines was in- 
troduced by Krueger and Smith (7). Sub- 
sequently, it has been shown that con- 
centrations of serotonin in blood and 
brain respond to prevailing levels of at- 
mospheric ions (8). There is evidence 
that the cyclic nucleotides participate in 
some of the metabolic events underlying 
synaptic transmission within the mam- 
malian central nervous system and that 
changes in brain content of adenosine 
3',5'-monophosphate (cyclic AMP) and 
guanosine 3',5'-monophosphate (cyclic 
GMP) may reflect interactions between 
some neurotransmitters and their synap- 
tic receptors (9). Therefore, experiments 
were undertaken to determine whether 
the effect of negative ions on serotonin, 
on the putative second messenger cyclic 
AMP, and on cyclic GMP in the cerebral 
cortex depends on whether the animals 

Fig. 1. The multifamily enriched condition with toys is shown in the left large cage and the 
unifamily impoverished condition is shown in each of the three small cages. The ion sources, 
transformers, and conduits for delivering the air to each cage are above each cage. 

live in enriched or impoverished envi- 
ronments. 

Groups of male Long-Evans rats were 
housed in enriched or impoverished en- 
vironments, with and without increased 
levels of negative air ions. Nine litter- 
mate pairs of 6-day-old pups were sepa- 
rated and distributed among six mothers 
into two experimental environments: a 
multifamily enriched condition (MFEC) 
and a unifamily impoverished condition 
(UFIC) (10). In the MFEC, three 
mothers, each with three pups, were 
housed in a large cage (70 by 70 by 46 
cm) filled with an assortment of objects 
with which to interact, referred to as 
"toys." In the UFIC, one mother was 
housed with her three pups in a small 
cage (32 by 28 by 20 cm) with no toys; 
there were three UFIC cages. The entire 
experiment with the increased negative 
ion atmosphere was replicated (there 
were 18 pups in the elevated ion group 
for the initial experiment and 18 for the 
replication experiment). Animals living 
in atmospheric conditions, that is, re- 
ceiving air delivered by the building ven- 
tilation system and containing fewer than 
100 positive ions per cubic centimeter of 
air, were grouped in a similar fashion in 
wire mesh enrichment cages and stan- 
dard laboratory cages (18 pups for the at- 
mospheric condition group). 

All animals were disturbed for a few 
minutes each day while the toys were 
being changed in the enrichment cage 
and the sawdust trays were removed for 
cleaning in the small cages. The sawdust 
in the large cage was changed only three 
times each week. Animals were main- 
tained on a 12-hour light-dark cycle and 
had free access to food and water. All 
pups lived in their respective housing 
from 6 to 26 days of age. 

Both the MFEC and UFIC animals ex- 
posed to negative air ions lived in Lucite 
cages, with Lucite toys in the enrich- 
ment cage (Fig. 1). A grounded wire 
mesh floor was suspended over the saw- 
dust waste collection tray at the cage 
bottom. A fan supplied equal amounts of 
air to each cage, and a filter was used to 
free the air from particulates. 

An air ion density of 1 x 105 small 
negative ions per cubic centimeter was 
maintained in both the large and small 
cages. Negative air ions were generated 
by corona discharge from Amcor Modu- 
lion power supplies and regulated in each 
cage by adjusting the ionization potential 
with separate variable transformers on 
the a-c lines of each generator. The ion 
density of the air in each cage was mea- 
sured with the aid of a Royco volumetric 
counter and was correlated with the flow 
of current from the wire mesh floor to an 
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earth ground. Daily checks of the cur- 
rent flow to ground were made to en- 
sure proper operation of the ionization 
equipment. 

Before brain samples were dissected 
for chemical analysis, all animals were 
coded to prevent experimental bias. Uni- 
form samples of somatosensory and oc- 
cipital cortices were surgically removed 
from both hemispheres with the aid of 
a plastic calibrated T square (11). The 
samples were weighed on aluminum foil 
on a Mettler balance and immediately 
wrapped in foil and frozen on a block of 
dry ice. All procedures were accom- 
plished within 4 minutes after the ani- 
mals were killed by decapitation. All 
groups of animals were analyzed simul- 
taneously. 

Assay procedures for isolation, purifi- 
cation, and quantification of serotonin 
were as described in (12) and adapted for 
use for small brain regions (13). Determi- 
nation of cyclic AMP was by radioimmu- 
noassay as described in (14). The DNA 
was quantitated by fluorometric methods 
(15). Although brain wet weights varied, 
the total amount of DNA in the brain 
areas for the MFEC and UFIC animals 
was the same regardless of environmen- 
tal conditions. Chemistry values are 
therefore reported per unit of DNA (16). 
Differences in biochemical values in 
brain regions of animals living in dif- 
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Fig. 2. Amounts of serotonin, cyclic AMP, 
and cyclic GMP (per microgram of DNA) in 
the somatosensory cortex of animals in en- 
riched and impoverished environments with 
atmospheric conditions or with negative air 
ions. 
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Table 1. Differences in wet weight of the cortex between rats receiving negative ions and those 
in atmosphere conditions. N.S., not significant. 

Wet weight of cortex (mg) Per- 
cent Cortical area p. 

NsCortical 
area NAtmosphere differ- 

Negative ions conditions ence 

Multifamily enriched condition 

Somatosensory 61.75 ? 0.89 (N = 18)t 55.4 + 1.04 (N = 8) 12 .05 
Occipital 82.3 + 1.5 (N = 17) 73.2 + 1.54 (N = 8) 12 .001 

Unifamily impoverished condition 
Somatosensory 58.65 + 0.86(N = 15) 56.4 + 1.22 (N = 9) 4 N.S. 
Occipital 78.8 + 1.6 (N - 15) 73.6 ? 1.14 (N - 9) 7 .05 

*Student's t-test, two tailed. tValues of N may differ from original values owing to loss of animal or tissue 
during experimental procedures. 

ferent environments with and without 
negative air ions were tested by analysis 
of covariance. Specific differences be- 
tween mean biochemical levels were an- 
alyzed by Student's t-test, two-tailed. 

The wet weights of both the somato- 
sensory and occipital cortices were 
greater in rats receiving negative ions 
than in those living in atmospheric condi- 
tions (Table 1). The MFEC rats living in 
a negative ion atmosphere had signif- 
icantly less serotonin (61 percent, 
P < .01) and cyclic AMP (45 percent, 
P < .05) in the somatosensory cortex 
than MFEC rats living in atmospheric 
conditions (Fig. 2). Serotonin and cyclic 
AMP concentrations in the occipital cor- 
tex were also significantly less (45 per- 
cent, P < .05 and 35 percent, P <.05, 
respectively) in the MFEC rats receiving 
negative ions than in the MFEC rats liv- 
ing in atmospheric conditions (Fig. 3). It 
appears that, in the MFEC, negative ions 
prevent the increases in serotonin and 
cyclic AMP concentrations that occur in 
atmospheric conditions. The cyclic GMP 
levels did increase, though not signifi- 
cantly, in the somatosensory cortex and 
in the occipital cortex of both the MFEC 
and UFIC rats receiving negative ions in 
comparison with rats living in atmo- 
spheric conditions (Figs. 2 and 3). 

Our data on serotonin are consistent 
with other reports that negative air ions 
decrease brain serotonin. Gilbert (17) 
used negative ions to reduce emotional- 
ity caused by isolation; the reduction in 
emotionality paralleled a decrease in 
serotonin. Olivereau (18) found that brief 
exposure of rats to 1.5 x 105 small nega- 
tive ions per cubic centimeter of air pro- 
duced an anxiolytic effect in a stressful 
situation. He considered the effect to be 
in agreement with the serotonin hypothe- 
sis on the action of air ions. 

Since putative biogenic amine trans- 
mitters can activate adenylate cyclase, it 
is possible that the changes in cyclic 
AMP content of the brain that we ob- 
served may be a consequence of a rela- 

tive decrease in the release of serotonin. 
The changes might also result from an al- 
tered sensitivity or responsiveness of the 
synthetic enzyme adenylate cyclase or 
altered activity of phosphodiesterase. In 
most instances, the pattern of change in 
the content of cyclic AMP was in the 
same direction as the change in sero- 
tonin. If changes in cyclic AMP are sero- 
tonin-dependent, cyclic AMP might re- 
flect the metabolic alteration in serotonin 
effected by negative air ions, as well as 
the living group situation. 

The content of cyclic GMP was rela- 
tively unchanged by atmospheric and en- 
vironmental state. This may reflect re- 
gional variations in the significance of 
cyclic GMP and also indicate the neuro- 
nal cells selectively control steady-state 
tissue levels of the two cyclic nucle- 
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Fig. 3. Amounts of serotonin, cyclic AMP, 
and cyclic GMP (per microgram of DNA) in 
the occipital cortex of animals in enriched and 
impoverished environments with atmospheric 
conditions or with negative air ions. 
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otides by independent regulatory mecha- 
nisms (19). 

Six-day-old rats were chosen as exper- 
imental animals in this study to include 
potential effects of air ions on neural de- 
velopment. There appears to be a sero- 
tonin-dependent adenylate cyclase sys- 
tem in very young animals, which de- 
creases in sensitivity with age (20). Our 
results with serotonin and cyclic AMP 
may be due to this coupling. It is con- 
ceivable, however, that negative air ions 
could have shifted the apparent develop- 
mental stage of the rats in this study by a 
primary effect on the concentration of 
some hormone, such as prolactin, sex 
hormone, or serotonin-derived melato- 
nin. A direct effect of small air ions on 
prolactin levels was proposed by Oli- 
vereau in his study of the effects of air 
ions on the spontaneous movements of 
amphibian larvae (21). A direct hormonal 
effect of this kind in our system may 
have caused the increased cortical 
weights and decreased cortical levels of 
a second-messenger cyclic AMP report- 
ed here. Comparison of effects of nega- 
tive and positive ions and different envi- 
ronments on various transmitters should 
show how the responses are related to 
the developmental stage of the animal. 
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The nigrostriatal dopaminergic system 
has been studied intensively because of 
its participation in the pathogenesis of 
Parkinson's disease (1) and its role in 
mediating the neurological side effects of 
antipsychotic drugs (2). Mapping of this 
system by fluorescence histochemical 
techniques has identified the location of 
these cells and made it possible to record 
extracellularly in vivo from the area in 
which these cells are contained. Dopa- 
mine-containing neurons of the sub- 
stantia nigra exist in a thin band on its 
dorsal edge (3) and are intermixed with 
neurons that do not contain dopamine (4, 
5). Hence, to date, electrophysiological 
identification of these cells has depended 
on indirect criteria (6). Extracellular ad- 
ministration of L-dopa followed by pro- 
cessing of the brain slices for cate- 
cholamine fluorescence (7) was one of 
these criteria, because only the dopa- 
mine-containing neurons in this brain re- 
gion contain aromatic amino acid decar- 
boxylase (the enzyme necessary for con- 
version of L-dopa to dopamine) and only 
the dopamine reacts with formaldehyde 
vapor or glyoxylic acid to form fluores- 
cent compounds. Thus, the increased 
fluorescence of these neurons after L- 
dopa iontophoresis (resulting from its 
uptake and conversion to dopamine) 
demonstrated conclusively that the re- 
cording electrode was in the vicinity of 
these neurons. However, because the L- 
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dopa was administered extracellularly, it 
did not allow identification of the specific 
cell from which the recording was made. 

Extracellular recordings of these in- 
directly identified dopamine-containing 
neurons have been useful in studying the 
modes of action of various pharmacolog- 
ical agents, such as the antipsychotic 
drugs and dopamine agonists (for ex- 
ample, d- and I-amphetamine and apo- 
morphine), as well as in studying some 
aspects of their neurophysiological func- 
tioning (8, 9). However, the exact mem- 
brane mechanisms underlying dopami- 
nergic cell functioning and the effects of 
drugs on them cannot be inferred from 
the results of these studies; only intra- 
cellular recording can demonstrate the 
precise synaptic and ionic mechanisms. 
We report here intracellular recordings 
from dopamine-containing neurons of 
the rat substantia nigra. The cells were 
positively identified as dopaminergic by 
intracellular iontophoresis of L-dopa at 
the end of the recording and subsequent 
processing of the brain for fluorescence 
histochemistry. 

Rats were used as experimental sub- 
jects (10). Intracellular recordings (11) 
were made from presumed dopamine- 
containing neurons of the zona compacta 
region of the substantia nigra (N = 50). 
The cells were tentatively identified be- 
fore electrode penetration by their extra- 
cellular firing pattern, waveform, rate of 
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drugs on them cannot be inferred from 
the results of these studies; only intra- 
cellular recording can demonstrate the 
precise synaptic and ionic mechanisms. 
We report here intracellular recordings 
from dopamine-containing neurons of 
the rat substantia nigra. The cells were 
positively identified as dopaminergic by 
intracellular iontophoresis of L-dopa at 
the end of the recording and subsequent 
processing of the brain for fluorescence 
histochemistry. 

Rats were used as experimental sub- 
jects (10). Intracellular recordings (11) 
were made from presumed dopamine- 
containing neurons of the zona compacta 
region of the substantia nigra (N = 50). 
The cells were tentatively identified be- 
fore electrode penetration by their extra- 
cellular firing pattern, waveform, rate of 
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