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TRANSIENT NEOCORTICAL AND HIPPOCAMPAL EEG SILENCE 
INDUCED BY ONE MINUTE INHALATION OF HIGH CONCENTRATION 
C02 IN SWINE.
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SUMMARY

Swine were exposed twice to 80* C02 for 1 rain during 
simultaneous recording of the EEGs from the neocortex 
and the hippocampus. In five of the animals myoclonic 
jerks started at 28±1 s of C02 exposure and lasted 
for 6±2 s. Neocortical slow-wave activity and in­
creased amplitude of the hippocampal (5-7 Hz) waves 
had developed before the period of myoclonic jerks. 
After this period the EEG activity declined, resulting 
in neocortical EEG silence at the end of the exposure 
which lasted for on average 1 min. The return of the 
neocortical EEG activity exhibited a pattern reverse 
to its disappearance, but was much prolonged in 
comparison to its extinction. Pre-exposure neocortical 
EEG pattern was not regained until 3-5 min post­
exposure. In eight out of 11 experiments the C02 
inhalation also induced hippocampal EEG silence 
lasting for on average 30 s. The observed changes in 
the neocortical and hippocampal EEGs suggest that the 
present swine were unconscious already when they 
exhibited motor reactions.

INTRODUCTION

The justification for using high concentration C02 
inhalation as pre-slaughter anaesthesia in swine has 
been debated because of the possibi lity of stress 
reactions developing before an adequate depth of 
narcosis is reached, and because of lacking informa­
tion on the duration of the induced anaesthesia.

With the ultimate goal of obtaining an objective 
evaluation of the ethics and the narcotic efficiency 
of using C02 for this purpose, an experimental series 
involving electroencephalographic (EEG) recordings was 
started. As a first step, the effects of 1 min venti­
lation with 80# C02 upon the neocortical EEG and 
sensory evoked cortical potential were investigated in 
the rat (Forslid et a l . 1986b). In that species the 
C02 exposure caused a marked reduction in the EEG 
activity concomitant with a temporary extinction of 
the evoked responses.

The second step of the series was the development of a 
technique for simultaneous recordings of neocortical, 
hippocampal, and amygdaloid EEGs in the awake, unre­
strained swine, and the use of that technique for 
obtaining information on the normal EE6 activity in 
these brain regions (Forslid et al. 1986a). That 
information formed the basis for a subsequent study of 
EEG changes induced by inhalation of high concentra­
tion C02 in swine (Forslid 1987). The latter study 
is reviewed here.

METHODS

Animals. The six Yorkshire swine (body wt 40-70 kg) 
used for the reported experiments were supplied with 
recording electrodes implanted into the frontal neo­
cortex and the dorsal hippocampus. The animals 
(numbers I—VI) had previously, from the second to the 
fifth or sixth post-implantation day, been employed 
for EEG recording from these brain regions during the 
awake, unrestrained state (Forslid et al. 1986a). Con­
cerning implantation/recording techniques, electrode

localization, and registered normal EEGs in the 
present animals see Forslid et al. (1986a).

Exposure to CO-;. With a 48 h interval, 1 min exp°*‘, 
to approximately 80* C02 was performed twice in e>, 
animal between the sixth and ninth post-imp!antat1'! 
day. About 10 min after the second exposure, the * 
were killed with C02 exposure prolonged for 5 min 
and ended by exsanguination.

Exposure technique. The swine was placed in a wooj8 
cage resting on a hydraulic table which was lifte11, 
until the head of the animal was about 1.5 m abo^6 
floor. The table and the lower part of the cage we' 
enclosed in a roofless 1.5 m high rectangular 
(1.1 x 1.8 m) perspex chamber taped tightly onto1, 
floor. At the bottom, the chamber was supplied wi* 
inlet from a cylinder containing compressed 100# 
C02 . A C02 monitor (Binos, Leybold-Heraeus, FRG) , 
was taped onto the inner frontal wall of the chai"c 
0.8 m above the floor. The C02 (being heavier th»11 
air) was layered from the chamber bottom until 
concentration reached 80* at the measuring point* , 
where it was then maintained constant by intermit1 
inlet of small volumes of the gas. Repeated check* 
with the C02 monitor temporarily placed 1.2 m ab°v 
the floor, revealed that the C02 concentration at 
the level remained <10* throughout the experiment*'

During continuous EEG recording, the table was I?1'8 
0.9 m (to the floor) whereby the snout of the swin 
reached the 0.8 level after 20 s. Thus, exposure lt. 
high concentration C02 apparently did not occur ul) 
about 15 s after the start of the descent. To de1l"(i 
the exposure to roughly 1 min, the ascent of the v  
was commenced 70 s after the start of its descent-

EEG recordings from the various brain regions weke 
started 4-5 min before the animal was lowered in't°rlC 
C02 , and were continued until 5-10 min after the e 
of the ascent, that is, when the EEGs appeared 
malized1, the animals had become fully awake, and 
taken up standing position again.

The EEGs were recorded by means fo a Mingograf 
Junior (Elema Schonander, Sweden) using a high Pa5 
filter at 1 Hz and a low pass filter at 30 Hz.

Figures in the text preceded by ± represent stand3 
error of means (SE).

RESULTS

Visible influences of the CO? inhalation

The present experiments were not aimed at studyin;j|.l 
systemic or behavioural effects of the C02 . Howeve{f 
some general observations regarding the reaction* 
the swine were made.

Motor reactions. With the exception of animal I*1, 
swine exhibited more or less pronounced myocloni1-j ,  
jerks commencing at 28±1 s after the estimated sty  
of exposure to high concentration C02 and lastinS 
6±2 s. At the end of this motor reaction, the sW1 
had taken recumbent position and appeared e n t ire 1’., 
reactionless. The first sign of returning motor c m 
trol (head movements) was generally seen 2-3 min 
the end of the exposure. Taking up the standing ? 
tion again was on no occasion observed until 4 i"1 
after the exposure.

Respiration. A gradual increase in respiratory 
frequency occurred during the initial 25 s of C02 
inhalation. However, in connection with the bri®’ , 
period of myoclonic jerks, the respiration was c°
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silof-~LSIlce. The general influence of the CO2 inhala-
Fig' Ij11*00 the different EEGs is demonstrated in
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the Coetl at 52.5±2.5 s of CO2 inhalation, whereas 
canipu r’"esponding onset as regards the dorsal hippo- 
*Xp0 Experiment n=8) was delayed until 6±4 s post- 
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f o ^ a l  °Sure to approximately 80S CO2. During the 
ah a $ n,arLed M the swine exhibited myoclonic jerks 

lead Note the presence of apparent EEG silence at
° S 1 0  ----------- .. nr, , r ------- ------------ 1 1 J n n n n  ,s post-C02- (From Forslid 1987.)

changes. A change in the EEG recorded 
t0a,1ge ^^nontal neocortex became visible at 13±0.4 s 

6r,trat^5 after the estimated onset of high 
V ,IJehcvtl0n C02 inhalation. Then waves in the

a°Pear- range 1'3 Hz ( = low delta activity) started 
tore frequently, becoming the dominating

activity 10-15 s later. Thus, delta activity had 
become fully developed before the brief period of 
myoclonic jerks (Fig. 1, M) occurring in all animals 
except in animal III. High frequency (about 30 Hz) 
activity with a gradually diminishing amplitude re­
mained superimposed upon the delta waves and outlasted 
the latter for a few seconds before the development of 
EEG silence. The pattern is demonstrated in Fig. 2a, 
which shows a continuous record from the left frontal 
neocortex in animal III during the exposure period.
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Fig. 2a. Continuous EEG recording from the right 
frontal neocortex in animal III immediately before and 
during 1 min exposure to approximately 80% COg. The 
animal did not exhibit myoclonic jerks during the 
exposure. Note the gradual increase in delta (1-5 Hz) 
activity followed by extinction of all EEG activity.
An intersection of 10 s has been made during the EEG 
silence. (From Forslid 1987.)
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Fig. 2b. Continuous recording of the neocortical EEG 
activity in this animal starting about 100 s after the 
C02 inhalation. Intersections (20 and 40 s) have 
been made in the record to demonstrate the long dura­
tion of the recovery process. (From Forslid 1987.)

After the period of apparent isoelectricity, the 
gradual return of neocortical EEG activity exhibited a 
pattern reverse to its disappearance. However, in com­
parison to the EEG extinction, the recovery process 
was much prolonged (Fig. 1; Fig. 2a vs. b). Thus, a 
neocortical EEG showing obvious resemblance to that 
recorded immediately before the C02 inhalation was 
not observed until 3-5 min post-exposure.
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Fig. 3. Continuous EEG recording from the left dorsal 
hippocampus in animal VI before and during 1 min 
exposure to approximately 80% CO2. The 4 s period of 
myoclonic jerks causing artefacts in the record is 
indicated by M. (From Forslid 1987.)

Hippocampal EEG changes. The obvious CO2 influences 
on hippocampal EEG activity roughly coincided with 
those recorded from the neocortex. The pre-exposure 
irregular theta (5-7 Hz) activity, being intermingled 
with activity of higher frequency, changed to more 
continuous theta rhythm at 17±2 s after the start of 
CO2 inhalation in five of the animals. Animal VI 
(Mg. 3) was an exception in as much as a correspond­
ing accentuation of the theta activity was here seen 
during the initial 12 s of the exposure. The theta 
activity became totally dominating and showed an 
increase in wave amplitude after 25±1 s, that is 
2-6 s before the period when five of the animals 
exhibited myoclonic jerks. After that period the wave 
amplitude gradually became reduced and the frequency 
decreased below 5 Hz (= delta activity) and faded out 
towards EEG silence in eight of the experiments. In 
the remaining three experiments delta activity with a 
low amplitude continued until hippocampal EEG recovery 
commenced.

The gradual changes in hippocampal EEG activity re­
corded during the recovery period (like the recovery 
of neocortical activity) largely exhibited a pattern 
reverse to that initially seen in response to the CO2 
inhalation. Also here, the recovery process was of 
much longer duration (2-5 min) than the suppression 
period.

DISCUSSION

The narcotic properties of CO2 inhalation were 
already recognized at the beginning of the previous 
century (see Cantieni 1977). However, 'convulsions' 
are mentioned in practically all papers dealing with 
the effects of high concentration CO2. This has pre­
cluded the utilization of CO2 as an anaesthetic in 
man. As regards farm animals, the potential value of 
CO2 inhalation as pre-slaughter anaesthesia was 
evaluated in the sheep more than 70 years ago, but the 
gas was found to have an insufficient narcotic effect 
in that species (Bendersky 1904). Carbon dioxide was 
introduced as pre-slaughter anaesthesia for swine in 
the beginning of the 1950s by Hormel Packing Co., USA 
(Slater 1952), and has subsequently become widely used 
also in other countries.

Experimental studies of the effects of hypercaPn0(i 
(involving neocortical EEG recordings) have bee" 
in man (Woodbury & Karler 1960) and several other. 
mammalian species (Meyer et al. 1961, Eisele et s 
1967), and have provided a rather uniform pictufe(| 
Inhalation of CO2 within the concentration rang® , 
20-35% seems to increase neocortical activity 
stimulatory influence upon the brain-stem reticu 
activating system (Ingvar 1958). This could be ^  
explanation why myoclonic jerks or convulsions 
generally appear during exposure to CO2 of that 
moderately high concentration. Short-lasting mot5 f. 
reactions often occur also initially during exp°5 
to CO2 at and above 40%. At these higher concent 
tions the gas induces anaesthesia associated wit^ 
progressing neocortical changes similar to those 
during the second and deeper stages of barbituna,( 
anaesthesia (Pichlmayr et al. 1984), that is, ir,y  
appearance of slow, high amplitude waves, foll°w6c) 
a decline of all neocortical EEG activity. Evid®111 
has been produced that this synchronization and . 
gradual decline of the EEG activity is not cuaSf 
the hypercapnoea as such but rather by the sinwyi 
taneously developing cerebral acidosis (Meyer ^  
1961).

There does not seem to be any previous reports 0<lj  
influence of high concentration CO2 inhalation 
the hippocampal EEG. However, the changes occurf^ 
hippocampal electrical activity at different deP 
anaesthesia have been investigated (Stumpf 1965) 
During the second stage of barbiturate anaesthe5 ,! 
(characterized by cortical depression, u n consdy 
and subcortical hypersensitivity; Pichlmayer et f 
1984) the amplitude of the hippocampal theta wav1 , 
increases. This increase in amplitude gradually 
comes converted into attenuation of the theta a® ([ 
during the 'surgical' (third), and deeper stage5 
anaeshesia.

As regards swine, the influence of high concent^ 
CO2 on the neocortical EEG has previously been s ¡ 
by Mullenax & Dougherty (1963) and by Hoenderkef ^  
al. (1979). These studies have confirmed the ob5®]’ 
tion made in other mammalian species that the inn 
tion of high concentration CO2 initially induce5 
neocortical slow waves, followed by more or les5 ; 
complete suppression of the EEG activity. Howeve ' 
EEG recordings presented in these publications 3 
scarce and do not permit any definite conclusions 
regarding the time relation between neocortical 
synchronization and the appearance of CC^-induce 
seizures. It has left unanswered the question O' 
whether the swine remain conscious at the moment ^  
myoclonic jerks appear. It has been claimed, 
that these motoric reactions occur during a Pef1 
comparable to the excitatory stage of barbiturat 
anaesthesia when, in man, unconsciousness devel°p 
(Lomholt 1980).

y,
In five of the present animals, myoclonic jerks ' £t*  • •  ' I T S .  v/ 1  W i l t  p i  C J C I I I  u n  1 m a  1 3 ,  i l i p t  l u l l  M.  j b i  W

seen about 30 s after the estimated onset of hiS^ 
centration CO2 inhalation, whereas no such react

it

took place in animal III (Fig. 2). In every inS 
the jerks were preceded by the development of pe 
cortical delta waves of the kind seen during th® ^  
second stage of barbiturate anaesthesia (Fig- 1’ 11\ 
LC). It suggests that under the present experif^y 
conditions, the swine were already anaesthetized 
they exhibited the motor reactions. This does p00fi 
exclude that (^-independent stress/arousal 
present in a slaughterhouse environment may fa®1 cf 
the development of jerks, with the result that 5 tj i
reactions become manifest before the neocortica pi 
exhibits and anaesthesia pattern. It is by no 
self-evident, however, that motor activity apP®3 i1 
after some latency during slaughterhouse expose 
CO2 should be regarded as a conscious adversive 
reaction.
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nar 0usly, the present animals must have remained 
'ona°^Zecl 6e^ow *be 5ta9e °f surgical anaesthesia as 
for ?s neocortical EEG silence persisted, that is, 
ethi 0ut 1 m'’n after the C02 inhalation. From the 
ti0 Ca] Point of view, this implies that exsanguina- 
af̂ et_rT1'’ght safely be performed within the first minute
Mnr' moment when the swine is removed from the
slow Concentration CO2 environment. However, the
sUq return to a pre-exposure neocortical EEG pattern 
>t ) *s that the animals remained anaesthetized for 
r6s east 1 min longer. Thus, an EEG pattern cor- 
at,j„0ntl’’ng to that seen during stage 2 of barbiturate 
reC()s^Psia (Pichlmayr et al. 1984) was generally 
RC ['¡Jed as late as 2.5-3 min post-exposure (Fig. 1,
’ LC; Fig. 2b).

9iiri R a t i o n  of the hippocampal theta rhythm occurs 
ren, arousal and attentive behaviour, and is
♦ '
’on-'un <ed as an index of brain-stem reticular excita­
os h emp 81 ^aada 1975). Accentuation of that kind

d1 e*Do

L k  V* n u u u u  i j i j j .  H t  t e n  l u u  i  i v h  V  i u i i a t  1

ere observed 17±2 s after the start of CO2
W ^ e .  suggesting that the swine then had entered
(Pi the
ana^]["ayr et al. 1984). During the second stage of

excitatory (first) stage of anaesthesia
e t ■ « 1. 0 1 . .JU-r/. UUI 1113 «11« 00 030 o.
Bt.cnesia, the amplitude of the hippocampal theta 

increases (Stumpf 1965). This happened here afew . ----- ,---- ------- ,..... - ----- - -
Henceec°nds before the appearance of myoclonic jerks. 
c0 n ’ iike the presently observed neocortical EEG 
Ovg S’ also the alterations in hippocampal theta 
Sta9e3Ctivity su99est that the animals had reached 

2 of anaesthesia just before they exhibited the 
1c reaction, 

fhe
d̂i-Vpi - _ __  __ - . .
aenionOPecl also in the hippocampus (Fig. 1, RH, LH) 
effecftra_tes that the pronounced neurodepressive 
ehbrat °f high concentration COg inhalation also 
s'ow C6t* subcortical brain ragions. To judge from the 
Siv* g!^urn to pre-exposure EEG patterns, this depres- 
H t  e fect had approxomately the same duration as 

*erted upon the neocortex.
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