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In 1885 Ehrlich (1) discovered that when coerulein-s, an acidic dye, was injected 
subcutaneously into experimental animals, various organs were stained but the brain 
was left entirely uncolored. In 1913 Goldman (2) performed a series of now classical 
experiments which established the concept of the blood-brain barrier. After injecting 
trypan blue intravenously, he found that vital staining occurred in all the tissues except 
the brain, which remained uncolored except for the choriod plexus. 

In all probability, most substances penetrate the central nervous system to some 
degree. In addition, the blood-brain barrier is not uniform throughout the brain since 
well defined areas such as the hypophysis, infundibulum, area postrema, and others 
are readily stained by trypan blue from the circulation. However, the fact remains 
that many substances, i.e. electrolyte, colloid, vital dye, protein, etc., penetrate the 
central nervous system parenchyma with great difficulty, whereas the exchange of 
these substances between vessels and tissues in the rest of the body occurs much more 
freely. The blood-brain barrier is, in effect, a rate phenomenon and not a true barrier 
(3). Accumulative evidence indicates that it is a composite mechanism regulating 
the uptake of materials by the CNS; biochemical and physiological as well as ana- 
tomical factors all contribute to its function (eft reference 4). 

The role of the blood-brain barrier in the humoral spread of neurotropic 
viruses, and in particular poliovirus, to the CNS has long been a matter  for 
speculation. In  infected individuals, only rarely does poliovirus reach the CNS 
where it produces the paralysis that  characterizes overt disease. The portal of 
entry is the oropharynx and lower intestinal tract; from these initial and/or  
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secondary sites of multiplication, virus may be shed into the blood stream and 
may  circulate throughout the body (5). If the blood-brain barrier provides an 

impor tant  defense against entry of circulating virus into the CNS, events tha t  
impair its function should increase the incidence of CNS infection. To test this 

hypothesis, a s tudy of the effect of blood-brain barrier impairment  on the in- 
fectivity of Type I I  poliovirus for mice was initiated. Since virus was adminis- 
tered intravenously, it  was postulated that  it must  traverse the blood-brain 

barrier before reaching the CNS with consequent infection and paralysis of the 
animals. 

Exposure of animals to elevated concentrations of CO2 results in an increase 

in the entry of a radioactive isotope (6), vital  dye (7), and drugs (8) into the 
brain  from the circulation. The reactivity of the cerebral vasculature to an in- 

crease in blood COs tension includes dilatation and increase in rate of blood flow 
through the CNS (cf. reference 9); experiments were carried out to determine 
whether these changes would mediate an increase in viral infectivity. Our re- 

suits reveal that  inhalation of elevated concentrations of CO2 has a profound 
effect on the infectivity of poliovirus inoculated intravenously into mice. How- 

ever, the mechanism of action of CO, cannot be explained on the basis of an 
increased rate of blood flow alone; other factors which remain unidentified 
affect the net  result. 

Methods and Materials 

A MEF-1 strain of Type II poliovirus which Krech (10) adapted to mice by the intravenous 
route was employed. Stock virus of relatively high infectivity was prepared in monkey kidney 
tissue cells and stored at -20°C. The virus inoculum consisted of tissue culture fluid in a 
volume of 0.25 ml for intravenous injection v/a the tail vein and 0.025 ml for intracerebrai 
inoculation. The infectivity of stock virus was determined in mice by the intracerebrai route 
and in HeLa cell cultures; TCID60 titers of 10 -6 for HeLa cells and LD~0 titers of 10 -~'5 for 
mice were obtained. Swiss mice from a random-bred, but closed colony originally derived from 
the Webster Salmonella-resistant strain were used. The majority were males, 5 to 7 weeks of 
age and weighing 20 to 25 gm. The animals were housed in stainless steel nesting boxes in 
groups of 7 with food and water available as desired. 

The various CO2-O2 mixtures were supplied by the Ohio Chemical Company in standard 
gas cylinders. 

For exposure to CO,, or other gas mixtures, mice were placed in a large, air-tight, glass 
desiccator with an attachment containing a small glass inlet, and outlet; a gas mixture was 
allowed to flow through the jar at a constant rate for the specified time. Mice were then re- 
moved from the desiccator and returned to their cages. They were examined once each day 
postinfection for evidence of paralysis and the daily cumulative number of paralyzed animals 
as well as deaths were recorded. At the end of 14 days the number of survivors were recorded 
and the experiment terminated. 

KESULTS 

When first exposed to an atmosphere of 30 per cent COs, mice become hyper- 
active bu t  within a few seconds are in a state of narcosis; breathing is shallow 



MARGRET I. SELLERS AND JOHN F. LAVENDER 109 

and rapid. After exposures of 1 to 5 minutes, complete recovery occurs almost 
immediately after return to a normal atmosphere. Autopsy of the animals re- 
veals a few or even many focal hemorrhages in the lungs; other gross pathology 
was not observed. Mter  15 minutes of exposure to 30 per cent COs massive 
hemorrhages were found in the lungs. Upon removal from the CO2 atmosphere, 
from 10 to 20 per cent of these mice die of an apparent hemorrhage from the 
lungs as evidenced by extrusion of bloody fluid from the nares. Since CO2 raises 
blood pressure and increases cerebral blood flow without increasing cardiac 

T A B L E  I 

Effect of C02 on the Susceptibility of Mice to Intravenously Inoculated Type I1 ?oliovlrus 

Virus 
dilution* 

Undiluted 

1:5 

1:15 

1:20 

No. of Procedure mice 

Virus, C02~ 
Virus 

Virus, CO2 
Virus 

Virus, COs 
Virus 

Virus, CO2 
Virus 

7 
7 

7 
7 

7 
7 

7§ 
711 

Cumulative No. of paralyzed mice at indicated day postinfeetior 

2 3 

1 3 

3 6 
0 0 

2 3 
1 1 

2 2 
0 0 

4 s 1 6  

I 

I 

6 7 '  
i 

I 
6 7 ~ 
2 5 7 

4 6 7 
2 3 4 

3 6 ~ 
0 0 1 0  

I 
7 8 9 ~ 10 11 12 13 

I 

1 
I 

I 
I 
I 
I 
! 

l 

I 

I 
i i 

4 5 6 1 6  7 , 
I 

1 2 2 2 2 3 

14 

* The  L D ~  for mice when t i t rated by the  intracerebral route  was 10 -4"5. 
Following virus inoculation, mice were placed in an  a tmosphere  of 30 per cent  COz-70 

per cent  Oz for 2.5 minutes .  
§ 1 mouse  survived.  
1[ 4 mice survived.  

output (11), vasoconstriction must occur in the extracerebral vascular beds. The 
presence of hemorrhagic fluid in the respiratory passages implies that an in- 
crease in the permeability of the alveolar-capillary membrane has occurred. 
However, this may not necessarily be a hemodynamic effect but  may be due to a 
direct toxic effect of the inhaled COs on the alveolar epithelium. 

Deaths resulting from CO2 inhalation were acute, always occurring within a 
few minutes of exposure time. Damage to the lung was completely reversible 
in mice which survived; autopsy at 24 hours postexposure time failed to reveal 
gross lesions in the lungs, even in anima]s which had inhaled CO~ for 15 minutes. 

Effect of C02 Inhalation.--Data recorded in Table I show a titration of MEF-1 
virus by the intravenous route and the influence of CO2 inhalation on the results. 
The infectivity of a 1 : 20 dilution of virus was increased 2-fold by COs. Although 
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virus diluted up to 1:15 produced death in all the animals, the incubation 
period was considerably shortened among the groups placed in an atmosphere 
of 30 per cent CO~-70 per cent 02 immediately after virus inoculation, indi- 
cating that the amount of virus reaching susceptible ceils in the CNS initially 
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TExT-FIG. 1. The effect of CO~ inhalation on the titer of Type II  pollovirus in mouse brain 
during the first 48 hours after intravenous inoculation of virus. Titrations were carried out in 
HeLa cell monolayers. 

was considerably increased under the influence of CO2. Therefore, determina- 
tions of the amount of virus appearing in the brain during the earlier phases of 
infection were made. Virus titrations were carried out on brain from mice which 
had inhaled CO2 following virus inoculation and from animals which had re- 
ceived the same dose of virus but  were not treated with CO2. 
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The mice were inoculated intravenously with 8 X 106 plaque forming units (PFU) of virus 
and divided into two groups. One group of animals was then placed in an atmosphere of 30 
per cent CO~-70 per cent 02 for 5 minutes. At 12, 24, and 48 hour intervals following virus 
inoculation, 6 mice were chosen at random from each group; the animals were anesthetized 
with sodium pentobarbital and the thoracic and abdominal cavities opened. The abdominal 
aorta was severed and at the same time, saline was injected v/a the left ventricle of the heart 
until the brain was perfused free of circulating blood. Brains from each group were pooled 
(two pools of 3 brains per group) and a 10 per cent homogenate in normal saline prepared from 
each pool in a TenBroeck grinder. The homogenates were cleared by centrifugation, the 
supernatants removed and titrated for virus infectivity. The titrations were carried out in 
HeLa cells by Holland and McLaren's modification of Dulbecco's plaque technique (12); 
the results were expressed as PFU per 0.1 gm of brain. 

TABLE II 
Influence of COs Concentration on Susceptibility of Mice to Intravenously Inoculated 

Type I I  Poliovirus 

Experiment No. Per cent CO2 

30 
20 
15 
10 

Controls 

COs exposure* 

2.5 
2.5 
2.5 
5.0 

30 
300 

No. of mice 

20 
10 
10 
10 

20 

14 
60 

No. 

18 

3 
29 

Survivors 

Per cent 

10 
50 
40 
40 

9O 

21 
48 

Controls --  39 22 56 

* Immediately following virus inoculation. 

Data from two replicate experiments are summarized in Text-fig. 1. At the 
end of 12 hours, 10 times more virus was found in the brains of mice inhaling 
CO2 than in brains from comparable animals which had not inhaled the gas. This 
differential had increased 100 times at the end of 24 and 48 hours. In these 
experiments, virus dosage was adjusted so that paralysis did not develop prior 
to 48 hours following virus inoculation; if large amounts of virus are employed 
then paralysis develops earlier and higher titers of virus are found in the brain. 
In the latter experiments, measurable amounts of virus can be found in the 
brains of animals inhaling COs and sacrificed as early as 6 hours after infection. 
Titratable amounts of virus are not found in the brains of control animals at 6 
hours postinoculation time. Thus, it is apparent that initially, under the in- 
fluence of CO2, large amounts of virus reach susceptible sites in the brain where 
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multiplication ensues. Within a relatively short time enough progeny is pro- 
duced to infect an overwhelming number of available cells with early develop- 
ment of paralysis, followed by death, completing the cycle of events. 

Threshold Concentrations of CO2.--The effects of different concentrations of 
CO, on the susceptibility of mice to intravenously inoculated Type I I  poliovirus 
are recorded in Table II. Inhalation of 5 per cent CO~ for as long as 5 hours 
failed to influence viral infectivity; these animals had essentially the same death 
rate as the controls. The lowest concentration of COs found to significantly in- 
crease susceptibility to virus was 7 per cent with a minimum effective inhalation 
time of 30 minutes. The comparable inhalation time required for 10 per cent 
CO2 was 5 minutes. An inhalation time of 2.5 minutes was highly effective for 15, 

TABLE III 
Rapidity of the COs Effect on the Susceptibility of Mice to Intravenously Inoculated 

Type I I  Pollovirus 

o~: 
COt exposure* l c  

150 10 
30 10 
15 10 
5 10 

:ontrols (virus only) 10 

Cumulative No. of paralyzed mice at 
indicated day postinfection 

2 3 

2 6 
0 8 
1 4 
0 5 

0 0 

4 5 

9 
10 
6 6 
6 9 

3 4 

6 7 8 9 

9 9 10 
9 9 10 

5 I 

Sur- 
vivors 

10 14 

1 
0 
0 
0 

5 

* Following virus inoculation, mice were placed in an atmosphere of 30 per cent COz-70 
per cent 02 for the specified number of seconds. 

20, and 30 per cent CO2; minimum times were not determined for 15 and 20 per 
cent concentrations but the data in Table I I I  show that the effect of 30 per cent 
CO2 is almost instantaneous. All mice receiving 1 LDs0 of virus succumbed to 
the infection if placed in the CO2 atmosphere for only 5 seconds following virus 
inoculation. This was the shortest interval tested since the animals could not be 
manipulated in and out of the COs atmosphere in less time. The effects of both 5 
and 15 seconds of inhalation were almost identical; increasing the time to 30 
seconds shortens the incubation period while inhalation of the gas for 2.5 min- 
utes leads to a further, though not significant, reduction in the incubation time. 
Subsequent experiments showed that 2.5 minutes inhalation of 30 per cent COs 
was sufficient to produce maximally effective virus infectivity. The experiments 
with the lower concentrations of CO2 clearly demonstrate that the effects are 
accumulative, the time required to increase susceptibility being proportional 
to the CO2 concentration. Apparently, the threshold of activity lies at the 7 per 
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cent level. Although inhalation of 5 per cent COs produces a significantly in- 
creased rate in blood flow in the brain (13) it does not increase the entry of polio- 
virus into this tissue. 

Reversibility of the COs E~ect.--Carbon dioxide inhalation following virus in- 
oculation is much more effective than is the reverse procedure; i.e., gas inhala- 
tion followed by  virus inoculation (Table IV), When gassing is continued for 
only 2.5 minutes and virus is then inoculated, infectivity is not enhanced; in 
fact, giving the gas for 2.5 minutes before, and again after, inoculation of virus 
does not increase the infectivity to any greater degree than the one gassing 
period after virus inoculation. When gassing is continued for 15 minutes prior 

TABLE IV 
Reversibility of the COs Effect o~ the Susceptibility of Mice to Intravenously Inoculated 

Type II Poliovirus 

Experiment 
No. CO2" inhaled: 

Before virus 
Mter virus 
Before and after virus 

Controls (virus only) 

Before virus 
Mter virus 

Controls (virus only) 

Duration 
of C02 
exposure 

m~n. 
2.5 
2.5 
5 

15 
15 

No. of mice 

25 
25 
14 

25 

12 
11 

12 

Survivors 

No. Per cent 

15 60 
3 12 
1 7 

15 60 

5 42 
3 18 

10 83 

* 30 per cent CO2-70 per cent 03 mixture. 

to virus inoculation, an enhancement of infectivity is found although not of the 
same order of magnitude as when gas is applied for the same length of time after 
virus inoculation. In  these experiments the animals were inoculated immedi- 
ately as they were removed from the desiccator jar through which CO2 was 
passing; ff a period as long as 2 minutes was allowed to elapse before virus in- 
oculation, the enhancement effect was lost. The results indicate that virus must 
be present in the circulation when the CO2 is inhaled if a significant enhance- 
ment of virus infectivity is to be demonstrated; the COs effect is terminated 
almost immediately after removal of the animals from the COs atmosphere. 

A Comparison of the Effect of COs on Virus Inoculated Intravenously and In- 
tracerebrally.--Krech (10) found that detectable amounts of intravenously 
adapted MEF-1 virus remained in the blood stream for as long as 24 hours 
following intravenous injection into mice. We have found that significant titers 
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remain in the blood up to 8 to 12 hours following inoculat ion of large amounts  of 
virus. Apparent ly ,  the virus is not  rap id ly  cleared from the blood stream; con- 
f irmation of this is found in the experiments recorded in Table  V. These results 
reveal  tha t  viral  infect ivi ty  was significantly increased by  CO2 inhala t ion up  to 
8 hours following virus inoculation. Gassing the animals la ter  than  8 hours post-  
inoculation, including the late  stages of the infectious process, d id  not  influence 
viral  infectivity.  This indicates the CO2 effect is concerned only with the initial  
spread of virus from the circulation to the CNS and tha t  i t  does not  influence 
the spread of virus within the CNS. This finding is subs tan t ia ted  b y  the results 

TABLE V 
Effect of COs on the Susceptibility of Mice to Intravenously Inoculated Type I1 Policoirus as 

Influenced by Time between Virus Inoculation and COs Inhalation 

SOt* inhalation after: 

Controls (virus 
only) 

5min. 
1 hr .  

2hrs. 
4 " 
8 " 

16 " 
24 " 
48 " 
72 " 

Nq. of 
]nlce 

12 

Cumulative No. of paralyzed mice at indicated day postinfection 

1 2 3 4 5 6 7 8 

0 0 0 0 2 

! 

9 I0 II 12 

12 0 0 0 2 8 12] 
12 0 0 0 2 6 10 10 12 I 
12 0 0 0 3 6 6 7 8 
12 0 0 0 0 1 2 3 4 5 
12 0 0 0 0 I 1 2 3 4 4!  5 
10 0 0 0 0 1 1 3 ! 

0 0 0 2 2 1 3  12 0 0 0 0 0 
12 0 0 0 0 2 2 2 2 3 
10 0 0 0 0 0 1 I 

I 

13 14 

Survivors 

No. Per 
cent 

I0 83 

0 0 
0 0 
4 33 
7 60 
7 60 
7 70 
9 75 
9 75 
9 90 

* Groups of mice were gassed with 30 per cent CO2--70 per cent 02 for 2.5 minutes at 
the specified time intervals following virus inoculation. 

in Table  VI;  COs inhalat ion a t  t imes ranging from 5 minutes  to 6 days  following 
intracerebral  inoculation of virus, when very  high t i ters of virus are present  in 
the brain, produced no enhancement of viral  infectivity.  In  fact, CO2 inhalat ion 
a t  these times was an effective adjunct  to specific ant iserum therapy.  Mice 
were inoculated with high fi tered specific Type  I I  ant iserum via the tai l  vein 48 
hours postinfection and placed in an atmosphere of 15 per  cent CO,-85 per cent  
02 for 6 hours. The  process was repeated at  the end of 72 and 96 hours postinfec- 
tion. F i f ty  per cent of the control animals infected with the same dose of virus 
and t rea ted  with ant iserum bu t  without  the CO2 t rea tment  died whereas only 
half this number  succumbed to the infection when the ant iserum injection was 
followed b y  CO2 inhalation. The  ent ry  of antibodies into the bra in  was ap-  
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parently facilitated by an impairment d the blood-brain barrier mediated by 
CO~. 

Effect of Anoxia and of an Elevated 02 Concentration.--An experiment was 
performed to investigate the effect of anoxia on virus infectivity. Data recorded 
in Table VII, Experiment 1, show that inhalation of 10 per cent Or-90 per cent 
N~ did not influence the infectivity of poliovirus given by the intravenous route. 

Further experiments to define the mechanism of action of CO~ were carried 
out. Profound vasodilation of the cerebral vessels and a concomitant constric- 
tion of the peripheral vessels with increased flow of blood to the CNS are the 
prominent physiological features of increased CO~ tension. The net effect of 
oxygen inhalation, in high concentrations, is in the opposite direction: vasocon- 
striction of the cerebral vessels and a reduction in cerebral blood flow of about 

TABLE Vl 
The Eff~t of CO~ o n  the Infectivity of Intracerebrally Inoculated Ty?e II  Poliodrus in M~ice 

C02" administered after: No. of mice 
Survivors 

I~To. Per cent 

5 rain. 14 7 50 
72 hrs. 14 S 36 

144 " 14 7 50 

Controls (virus only) 14 6 43 

* Groups of mice were gassed with 30 per cent CO~-70 per cent 0.2 for 2.5 minutes at the 
specified time intervals following virus inoculation. 

10 per cent (11, cf. reference 4). Assuming that vasodilation of cerebral vessels 
together with an increased rate of blood flow to the CNS are factors contribut- 
ing to an increase in the escape of virus from the circulation into the CNS, then 
inhalation of high concentrations of 02 should theoretically have a sparing 
effect on the mice. To test this hypothesis, mice were placed in an atmosphere 
of 30 per cent 02-70 per cent N2 for 5 minutes immediately following virus in- 
oculation; inhalation of this gas mixture conferred considerable protection 
against poliovirus inoculated intravenously (Table VII, Experiment 2). 

Studies on Recent Type I I  Isolates.--In tropical areas where poliovirus is 
ubiquitous and the disease is endemic, predominantly as an inapparent infec- 
tion, sharp outbreaks may occur. It has been postulated that these outbreaks 
are caused by virulent strains of virus suddenly appearing among the popula- 
tion (14). 

We were interested to see how such strains of virus might behave with re- 
spect to intravenous inoculation and whether CO2 inhalation might modify 
infectivity. Accordingly, two Type II poliovirus isolates which had been re- 
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cently recovered from an outbreak of poliomyelitis in Iquitos, Peru (15) were 
tested. 

Virus was first isolated from fecal specimens and propagated in FL cell cultures. Undiluted 
tissue culture fluid from the third cell-culture passage having a TCIDs0 titer of 10 -4 was used; 
diluted virus was not lethal by either the intravenous or the intracerebral routes. 

The MEF-1 strain used as routine in these experiments has an LDs0 titer 
of 10 "-4"s for mice when inoculated directly into the brain and a corresponding 
titer of 10 -x.2 when given by the intravenous route; moreover, 10 times the 
volume of diluted virus was injected by the latter method. This tremendous 

TABLE VII 
The ~ffect of Low and High Oxygen Tension on Susceptibility of Mice to Intravenously 

Inoculated Type I f  Poliovirus 

Experiment No. Gas mixture* No. of mice 
Survivors 

NO. Per cent 

1 10 per cent Oz-90 per 10 7 70 
cent N2 

Controls (virus only) 10 7 70 

2 30 per cent Oz-70 per 16 8 50 
cent N~ 

Controls (virus only) 16 3 19 

* Immediately after virus inoculation animals were gassed with the specified mixtures for 
5 minutes. 

differential between infectivity by the intracerebral and by the intravenous 
routes was not found for the Peruvian strains (Table VIII).  Strain S-17, 
inoculated directly into the brain, produced death in 5 of 17 mice; following 
intravenous injection, 2 of 16 mice were infected and CO2 inhalation substan- 
tially increased this infectivity. Intracerebral inoculation of strain S-8 resulted 
in the death of 1 of 16 mice; intravenously injected virus also produced death 
in 1 of 16 animals and here again, CO2 inhalation increased the infectivity. In 
terms of reference to their infectivity by the intracerebral route, it appears as 
if the two, Type I I  strains recently recovered from paralyzed individuals have 
an increased capacity to invade the CNS from the circulation in the mouse. 

Admittedly, observations on only two strains of virus are not sufficient to 
define viral characteristics or markers which may be correlated with virulence. 
These observations are reported in detail because information concerning 
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characteristics related to virulence of poliovirus is limited (16) and because 
opportunities to study Type II virus from an outbreak in a tropical area, have 
been rare. It may be of interest to add that with repeated passage in cell cul- 
ture, the S-8 strain has almost completely lost its virulence for mice, while the 
S-17 strain has remained essentially unchanged. The S-17 strain proved to be 
virulent for monkeys by the intravenous route and CO2 inhalation shortened 
the incubation period and increased the severity and extent of paralysis in 
these animals (17). 

Effect of Environmental Temperatures on Viral Infectivity.--The epidemiology 
of poliomyelitis as influenced by climate has long been of interest to virologists. 
Although severe outbreaks have occurred in regions with temperatures below 

TABLE VIII 

SusceptiMlity of Mice to Recent Isolates of Type I I  Poliovirus 

Virus strain 

Peru S-8 

Peru S-17 

Route of virus inoculation 

Intravenous 
Intravenous (plus C02") 
Intracerebral 

Intravenous 
Intravenous (plus C02") 
Intracerebral 

/qo. of mice 

16 
16 
16 

16 
15 
17 

No. 

Deaths 

Per cent 

6 
31 
6 

13 
53 
29 

* Mice were placed in an atmosphere of 30 per cent CO2-70 per cent 02 for 3 minutes 
following virus inoculation. 

zero, para ly t ic  disease is more  p reva len t  in  la te  s u m m e r  a n d  early fall in  the  
t empera te  zones and  occurs t h roughou t  the year  in  t ropical  regions. Therefore,  

exper iments  were carr ied ou t  to inves t iga te  the  influence of increased,  as 
well as decreased, env i ronmen ta l  t empera tu res  on  the  in fec t iv i ty  of in t r a -  

venous ly  admin is te red  poliovirus.  Concu r r en t l y  the  effect of CO2 inha la -  
t ion  was also invest igated.  

Mice were separated into four groups and placed (a) in a cold room maintained at approxi- 
mately 4°C with 10 per cent relative humidity; (b) in a room that was approximately 25"C 
and in which the humidity varied with atmospheric conditions; (c) in a warm room maintained 
at 30°C with a controlled relative humidity of 30 per cent; and (aT) in a 37°C waik-in incubator 
with a controlled relative humidity of 30 per cent. The animals were placed in the indicated 
areas 2 days prior to virus inoculation to allow for a period of adaptation. Mice housed at 
4°C responded by huddling and by increasing their intake of food; weight gain approximated 
that of the controls. A slight lowering of body temperature, 0.5 to 1 degree, was observed in 
these animals. Mice maintained at 37°C had a rise in body temperature of from 1 to 2 degrees 
and displayed rapid shallow breathing. Some weight loss occurred among these animals. The 



118 BLOOD-BRAIN BARRIER AND ENTRY OF VIRUSES.  I 

same dose of virus was given to each mouse da the tail vein. In addition, half the mice in each 
group were placed in an atmosphere of 20 per cent COz-80 per cent 02 for 5 minutes immedi- 
ately after virus inoculation. The animals were kept in the regular nesting boxes in groups of 
5 to 7 with food and water as desired. 

Data from two replicate experiments are summarized in Table IX. Certainly 
there is no evidence of a potentiating effect of higher environmental tempera- 
ture on the infectivity of poliovirus administered intravenously. In fact, the 
opposite effect was noted. The mice housed at higher temperatures were 
protected, whereas mice housed in the 4°C room were more susceptible. 

A part of the physiological response of an animal to the stress of a cold 
environmental temperature, is an increase in adrenocortical secretion (18). In 

TABLE IX 

Effect of Temperature On the Susceptibility of Mice to Intravemously Inoculated Type I f  
Poliovirus and the Influence of C02 on this E.ffev~ 

Virus only Virus followed by 5 minutes 
in 20 per cent COs 

Test tempera- 
ture Survivors Survivors 

No. of mice No. of mice 

oc. 

4 
25 
31 
37 

27 
37 
15 
35 

No. Per cent 

14 52 
26 70 
12 80 
31 89 

29 
37 
15 
35 

No. Per cent 

/4 
0 

20 
26 

an attempt to test directly the role that adrenocortical secretion might play 
in the increased viral susceptibility of mice maintained at 4°C, the effect of 
bilateral adrenalectomy on these animals was investigated. Although non- 
infected, adrenalectomized mice could be maintained at this temperature 
without loss for the duration of the experiment, poliovirus infection caused 
death in 70 per cent of these animals, whereas only 43 per cent of the intact, 
infected mice died. Approximately as many infected adrenalectomized mice 
maintained at room temperature survived as did intact, infected animals (33 
and 31 per cent died, respectively). I t  appears that adrenocortical hyper- 
secretions are not mediating the increase in susceptibility to intravenously 
injected poliovirus which is observed in mice maintained in an environmental 
temperature of 4°C. Walker and Boring (19) found that adult mice housed 
at 4°C succumbed to infection with the Conn-5 strain of Coxsackie B virus. 
On the other hand, when the animals were maintained at 36°C, a marked 
inhibition of viral invasion and multiplication was noted. These authors pre- 
sented indirect evidence suggesting that the loss of resistance to Coxsackie 
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virus in mice housed at 4°C was not a consequence of adrenocortical hyper- 
secretion. 

Hyperventilation is among the responses noted in animals placed in environ- 
mental temperatures considerably higher than their normal habitat. By this 
process, large amounts of CO2, free or fixed, stored in the blood and tissues, 
are rapidly washed out. The blood CO, tension may be substantially reduced 
with a consequent rise in the blood pH and resultant aikaiosis; constriction of 
the cerebral vessels and reduced blood flow through the brain occurs (20, 21). 
I t  is postulated that  the net effect of this physiological state on the animal's 
susceptibility to circulating poliovirus would be protective because of a decrease 
in the amounts of virus circulating in the CNS and a decrease in the entry of 
virus into the brain parenchyma resulting from an increase in the resistance 
of the blood-brain barrier. Recent experiments carried out by Goldberg et a/. 
(8) show that the entry of urea and other compounds into the CNS is signifi- 
cantly reduced as a result of hypocapnea produced by passive hyperventilation. 

If  a reduced pCO, and alkalosis obtaining at  high environmental tempera- 
tures results in the protection of mice, then conversely, an increase in the level 
of pCO, and resultant acidosis could be mediating the increase in virus suscepti- 
bility of mice maintained at  4°C. Animals in a state of hypothermia do indeed 
exhibit increased levels of pCO~. Under this condition, minute volume decreases 
and pCO, increases as does the solubility of CO2 in the blood. Despite decreased 
CO~ production, a respiratory acidosis results (cf. reference 22). However, these 
data are not pertinent to our experiments since mice maintained at 4°C were 
not hypothermic; they maintained a body temperature not more than 1 degree 
lower than normal. We therefore at tempted to determine whether pCO~ levels 
of mice maintained for 2 or 3 days at  4°C were higher than in mice housed 
at 25°C. 

The direct determination of blood gas tensions were made using the Astrup microchemical 
apparatus. For a satisfactory analysis, a minimum of 0.5 ml blood obtained anaerobically is 
required. Efforts were made to obtain a single specimen by heart puncture from a single 
animal. It proved to be very difficult to obtain an adequate amount of blood completely free of 
contaminating air bubbles; also, it was impossible to obtain arterial blood exclusively. Never- 
theless, four different samples were considered to be more or less satisfactory for analysis 
from the group of mice at 40C. The same number of samples from mice housed at 25°C were 
also analyzed. 

The average pCO, value thus obtained was 31.9 mm Hg with a blood pH 
of 7.28 for animals housed at 4°C and the corresponding values for mice held 
at  25°C were a pH of 7.38 and pCO2 of 27.0. The limitation of obtaining com- 
pletely satisfactory blood samples precludes any conclusion concerning absolute 
values. However, it is interesting to find the average pCO~ level of mice housed 
at 4°C to be significantly increased over that of animals housed at room tem- 
perature. I t  is possible that the increase in susceptibility to circulating polio- 
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virus in mice maintained at 4°C results from increased amounts of virus reach- 
ing the CNS from the circulation. This may be brought about by an increase 
in the permeability of the blood-brain barrier mediated by CO2 which accumu- 
lates consequent to the lowered environmental temperature. 

Data in Table IX also show the effects of CO2 inhalation on the influence of 
environmental temperature on the susceptibility of mice to circulating polio- 
virus. When an increase in pCO2 already exists, the response of the blood-brain 
barrier to CO2 inhalation is somewhat diminished; 14 per cent of the mice 
housed at 4°C survived, whereas none of the animals maintained at 25°C 
survived. Likewise, a given reduction in pCO, produced by hypervenfilation 
alters the net response to CO, inhalation in the same direction and to a greater 
degree; 20 and 26 per cent of the animals survived at 30 ° and 37°C respectively. 
In studies of the effect of CO, on cerebral vascular permeability, Noell and 
Schneider (23) found that CO~ inhalation became less effective as the pCO2 of 
the blood deviated from the normal physiological range. 

Anatomical Studies of the Blood-Brain Barrier.--An anatomical location for 
the blood-brain barrier has not been definitely established. A concept held by 
many investigators places it in the capillary endothelium; others place it at 
the inner or basement membrane of the intracerebral vessels while other 
evidence indicates its location to be in the plasma membrane of the neural 
cells, particularly of the glial elements (cf. reference 24). Dempsey and Wislocki 
(25), studying the blood-brain barrier in the rat by electron microscopy, found 
that the neuroglial cells were separated from one another by a very narrow 
space filled with amorphous substance of moderate electron density. They 
concluded that either the glial plasma membrane or the amorphous ground 
substance acted as the hematoencephalic barrier which barred silver from 
entering the parenchymal cells of the brain; they were unable to determine 
which of the two structures was actually responsible for their results. 

We attempted to locate a possible barrier site(s) in mice which might be 
altered by CO2 inhalation. The animals were placed in an atmosphere of 30 
per cent CO2-70 per cent O3 for various periods of time following intravenous 
injection of trypan blue. Examination of numerous preparations in the light 
microscope did not reveal staining of brain tissue in mice exposed to CO2 
beyond that found in the control animals. Although Clemedson et al. (7) em- 
ployed trypan blue successfully in a study of the blood-brain barrier and the 
influence of COs inhalation on its impairment in rabbits, guinea pigs, and 
cats, the dye does not appear to become concentrated to any substantial degree 
in the brains of mice. We therefore turned to India ink which has been widely 
used in studies of the RES system (26) as an indicator of increased permeability 
of the blood-brain barrier in mice. Relatively large amounts of this material 
are tolerated, and it had the additional advantage for our study of being 
electron-dense and similar in size to p01iovirus which is 27 m/~ in diameter (27). 
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Carbon suspensions were prepared from waterproof drawing ink supplied by Gunther 
Wagner, Hanover, Germany. The final preparation consisted of carbon particles suspended in 
physiological saline containing 0.5 per cent gelatin, 60 nag carbon/ml. The mean carbon 
particle size, as determined by electron microscopy, was 34 m/z. A total volume of 0.25 ml 
was injected into the tail vein; half of the mice were then exposed to an atmosphere of 30 per 
cent COz-70 per cent O3 for 5 to 10 minutes. The animals were anesthetized with sodium 
pentobarbital and the brains perfused with saline followed by formalin. The brains were 
removed, and either examined directly or fixed in formalin before being examined for the 
presence of carbon. 

All the animals showed some tremor following the injection of carbon, 
which, in the control mice, was of short duration. Following CO2 exposure, 
immediate and profound CNS symptoms developed including circling, rigidity, 
and convulsions, with the animals finally becoming comatose or paralyzed. 
About half of these mice died within 30 minutes; some improved and at the 
end of an hour appeared normal but on twirling, again exhibited tremor and 
rigidity or convulsions. 

Although there was considerable variation among both groups, there was 
no difficulty in distinguishing between brains from control mice and from those 
which had inhaled COs. In the gross, the former were not darkened to any 
significant extent while the latter were dark gray in appearance. Slicing the 
fixed brains revealed a darkly colored parenchyma in mice treated with CO~ 
and a parenchyma of a relatively normal color in control animals. These 
preparations were made immediately after the mice were removed from the 
CO~ atmosphere. When brains were examined from this group of mice which 
had been set aside for observation, the degree of discoloration was found to 
diminish with time. Even within 1 hour following CO2 treatment, the brain 
appeared to have eliminated a significant amount of carbon. These results 
were confirmed by experiments in which the carbon suspensions was replaced 
with fluorescein. Scanning intact and sliced brains under an ultraviolet black 
light revealed that greatly increased amounts of fluorescein had traversed the 
blood-brain barrier under the influence of COs. 

Apparently, significant numbers of carbon particles escaped from the circu- 
lation into the brain under the influence of COs. I t  was thought that a more 
definitive study might give some indication as to how and at what anatomical 
level the escape occurred. Therefore, examinations were made by electron 
microscopy to study possible morphological changes in brain architecture 
which could be related to the CO~ effect and consequent leakage of carbon 
from the blood vessels. 

Mice were prepared as indicated for the carbon experiments described above. After the 
animals were anesthetized, living biopsy specimens were removed at random from the cerebral 
cortex and fixed in 1 per cent buffered osmic acid containing sucrose. The tissue was dehydrated 
through graded alcohols and embedded in epon resin according to the method of Luft (28). 



i22 BLOOD-BRAIN BARRIER AND ENTRY 01~ VIRUSES. I 

Ultrathin sections of tissue were stained with either lead hydroxide (29) or uranyl acetate 
(30) and examined in a Hitachi HU-10 electron microscope. 

Features of normal brain, pertinent to this study, are the distinct, well 
defined, intact capillary endothelial ceils and basement membrane and the 
sharply defined plasma membranes of the neural ceils. In addition, the intra- 
cellular and amorphous ground substances are homogeneous (Figs. 1 to 3). 
Injection of carbon into the circulation had no discernible effect on these 
structures; only rarely did it escape from the cerebral vessels. When leakage 
did occur it was possible for the carbon to pass through the capillary endo- 
thelium and even beyond the basement membrane causing little, if any, altera- 
tion in the existing cellular components or boundaries (Figs. 4, 5). Also, no 
definitive anatomical changes in the brain could be related to the CO~ effect 
alone but under the influence of CO2 inhalation, there was a marked increase 
in the entry of carbon into some areas of the brain. The particles were not 
held in abeyance by the endothelial cells or by the capillary basement mem- 
brane; the glial elements did not contain a greater concentration than did 
other parenchymal ceils (Fig. 7). The only loci in which carbon was not found 
were the nuclei of the neurons. However, carbon particles were found in the 
perikarya of the neurons. Concomitant with the migration of carbon into the 
brain parenchyma, boundaries of many ceils became indistinct and the intra- 
cellular and amorphous ground substances were less dense than normal. In 
fact, in some areas of cortex where carbon was found after CO2 inhalation, the 
architecture of the tissue was hardly recognizable; a kind of liquefication 
appeared to have taken place (Fig. 6). I t  is not dittlcult to see how these drastic 
alterations might follow the appearance of something so foreign as a carbon 
particle in such vital tissue as brain. Certainly it is not proposed that the 
appearance of poliovirus in the brain parenchyma brings about such drastic 
changes. However, it is conceivable that what has been so dramatically demon- 
strated with carbon under the influence of CO2 obtains with poliovirus, but 
much less traumatically under the same conditions. 

The administration of CO2 did not result in a uniform distribution of carbon 
throughout the cortex; it is emphasized that a wide variation was found, even 
in sections from the same block of tissue. No attempt was made to determine 
which areas might be more vulnerable to CO~; the biopsies were taken at 
random without reference to any specialized area. 

No evidence bearing on the anatomical location of the blood-brain barrier 
was obtained. Perhaps the finding that carbon escaping from the circulation in 
brain from control mice occurred only in the extracellular spaces is of some 
significance. The extracellular amorphous ground-substance appears to form a 
continuous network throughout the brain and is in intimate contact with the 
vessels; it could provide a route by which carbon spreads throughout the 
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area (cf. Figs. 1 to 5). Thus, the transfer of carbon would take place from blood 
to an extraceliular, extravascular space and from there gain entry into the CNS 
parenchyma as is the case in other organs. Cellular boundaries are too indistinct 
in brains from mice treated with CO~ to permit confirmation or denial of this 
proposal. 

Inhalation of CO~ probably affects the net increase in the entry of carbon 
into the brain from the circulation at more than one level. One mechanism of 
action would be the increase in rate of blood flow resulting from an increase 
in pCO2; this would bring more carbon into the CNS area, thus increasing the 
dosage. An additional and probably more fundamental effect of COs is to 
facilitate the direct entry of carbon into the parenchymal cells. The mechanism 
of action for the latter effect is unknown. 

DISCUSSION 

Schmidt and his collaborators (20, 31, 32) found that CO2 had a unique 
capacity to regulate cerebral blood flow; inhalation of increasing concentrations 
of COs in O~ for 1 minute by cats and rabbits resulted in increasedvasodilatation 
and increased blood flow through the cerebral vessels. Similar results were 
obtained in limited experiments carried out on man. That increased functional 
activity produced increased blood flow in the nerve cells concerned, was indi- 
cated by the resultant increased blood flow in the visual cortex of the cat upon 
illumination of the eye. Because of the absence of demonstrable vasomotor 
innervation, it was suggested that these circulatory readjustments were 
probably accomplished through changes in the COs tension in the tissue relative 
to changes in functional activity. The intrinsic regulation of cerebral blood 
flow by COs was postulated "to subserve the needs of the nerve cells for changes 
in their blood supply in accordance with changes in their functional activity." 

Recent experiments (8) have shown that CO, tension exerts a profound 
effect on the uptake by brain of various intravenously administered compounds 
such as phenobarbital, salicylic acid, acetazolamide, or urea. Exposure to CO~ 
with a concomitant acidosis increased accumulation of the above compounds 
while hyperventilat/on with alkalosis reduced the amounts reaching the CNS. 
The increase in blood flow produced by COs inhalation might be expected to 
significantly increase the entry of drugs into the brain. However, analysis of 
the results indicated that changes in cerebral blood flow did not exert a promi- 
nent effect on penetration of these drugs into the brain; the areas of greatest 
vascularity, i.e. the colliculi and geniculates (33), at no time showed the 
greatest concentration or the greatest relative change in drug concentration. 
While the degree of dissociation of the molecules as influenced by pH changes 
determined the rate of penetration to some degree, the exact mechanism of the 
COs effect was not identified. 

Undoubtedly, the mechanism(s) whereby CO2 inhalation increases the 
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infectivity of intravenously administered poliovirus is primarily one of increas- 
ing the initial dose of virus traversing the blood-brain barrier. On a purely 
statistical basis, a significant increase in the rate of blood flow through the CNS 
would serve to increase the amount of virus reaching the brain. In other words, 
the more virus traveling through the cerebral vessels, the greater would be the 
probability of access to susceptible CNS centers. This is reflected in ordinary 
virus titrations; greater amounts of injected virus not only infect more mice 
but the incubation period is shortened as well. Perhaps of some significance is 
the fact that gray matter, which is more highly vascularized than white matter, 
and has a higher rate of perfusion normally (33-35), shows the greatest per- 
centage increase in blood flow under the influence of CO~ (36). The capacity of 
poliovirus to proliferate in gray matter is well documented (37, 38). However, 
of all the structures in the gray matter, blood flow is the lowest in the reticular 
substance (0.59 ml/gm minutes) (34) and this is one of the brain-stem centers 
which is involved initially and most severely in poliomyelitis (39). This prob- 
ably reflects a high proportion of competent sites in the reticular substance 
which adsorb and support proliferation of virus. 

Certain centers in the brain are not susceptible to poliovirus. Other centers 
are rarely infected, apparently because they are seldom reached by infective 
amounts of virus. Structures in the former category are the lateral geniculates 
and the visual cortex which fail to support virus growth even when inoculated 
directly. The caudate nucleus and putamen fall into the latter category and 
are rarely infected except by inoculation of virus into the frontal lobe of the 
cortex (37, 38). Whether CO2, in addition to causing a greater amount of virus 
to reach the CNS initially, also produces a wider dissemination of the primary 
dose of virus, particularly into such loci as the caudate nucleus and putamen, 
remains to be determined. This problem must await analysis of histopatho- 
logical changes in CNS tissues from both mice and monkeys treated with COs 
after intravenous virus inoculation (17). The question of the distribution of 
poliovirus lesions in the brain and the factors controlling distribution and 
proliferation of virus continues to be one of the most interesting facets of the 
study of the pathogenesis of poliomyelitis. 

Additional evidence that dilatation of the vessels as well as an increase in 
the rate of blood flow in the CNS are factors influencing virus dosage is found 
in the effect of inhalation of 30 per cent 02-70 per cent N2 which produces a 
constriction of cerebral vessels and a reduction in rate of blood flow through 
the CNS. This effect, although not of equal magnitude, is in the opposite 
direction to that produced by high concentrations of COs and the results were 
also in the opposite direction; namely a protective effect was elicited. 

Nevertheless, the extreme rapidity with which the COs effect is mediated 
indicates that something more than dilatation of the vessels and increase in 
rate of blood flow through the CNS is responsible for the total increase in 
virus infectivity. The fact that a significant result of COs inhalation can be 
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demonstrated after only 5 seconds' inhalation time indicates that some intrinsic 
mechanism for the transport of materials into the CNS is operating. The effects 
of CO, were so consistent and the reversibility of the reaction so complete 
that one is led to suspect that the mechanisms involved are of outstanding 
physiological significance. We are unable to offer a satisfactory theory for this 
mechanism of action of C02. None of the theories which have been advanced, 
including a change in bioelectric potentials, changes in hydrogen ion concen- 
tration, lipid solubility changes, enzyme activation or inhibition, ionization 
effects or selective binding, offers a satisfactory explanation of the data 
(cf. references 4, 8, 9). 

Bodian has shown that one of the important characteristics of paralytogenic 
strains of poliovirus is the capacity to gain a foothold systemically and to 
produce a high viremia titer (40). Apparently, massive numbers of circulating 
viral particles comprise a threshold dose and only when this occurs does a 
break in the blood-brain barrier serve to admit infective amounts of virus 
from the circulation into the CNS (5, 40). Such events as irritating injections, 
peripheral trauma, and violent exercise significantly increase the likelihood of 
CNS involvement in poliomyelitis (of. references 5, 40), in all probability by 
genesis of localized breaks in the blood-brain barrier. There is a correlation 
between the sites of trauma or muscle groups undergoing strenuous exercise 
and initial paralysis indicating that primary virus proliferation in the CNS 
occurs in the motor areas segmental to paralyzed extremities. A possible 
relationship between the mechanism of action of CO~ and the effect of these 
provoking events in facilitating the entry of poliovirus into the CNS is postu- 
lated. I t  may well be that Bodian's concept of "a reflex increase of penetra- 
bility to circulating virus of the blood vessels in the motor centers corresponding 
to the injured peripheral muscle" (41) is related to an increased C02 production 
in motor areas segmental to the muscle groups involved. In fact there is con- 
siderable evidence for the occurrence of an altered permeability of the blood- 
brain barrier in localized areas in the CNS in response to injury or exercise. 
Intramuscular injections of either croton oil or 10 per cent formalin causes 
increased permeability of vessels to intravenously injected dyes in the cord 
segmental to the muscle group injected (42, 43). Animals which have been 
exercised by swimming show an increased number of patent blood vessels in 
the spinal cord (43). Additional evidence indicates that vasodilatation accom- 
panying muscular activity is localized to the active neural segments. Peripheral 
nerve stimulation usually causes vasodilation localized to the activated cord 
segment; response to peripheral leg stimulation was obtained only in the lumbar 
cord (44). Because inhalation of CO~ causes vasodilation and increased blood 
blood flow and since regional increases in both vasodilation and blood flow can 
be elicited by neuronal activity (32, 44), it is tempting to postulate that activi- 
ties of given neurons result in an increased regional production of CO~. The 
latter, in turn, causes a localized increase in the permeability of the blood-brain 
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barrier which, according to Schmidt's original concept, facilitates passage of 
needed nutriments from the blood to the activated neurons. The mechanism(s) 
which would permit increased passage of nutrients across the blood-brain 
barrier into localized areas undergoing increased activity might also facilitate 
passage of blood-bourne virus into the same area secondarily. Thus, the primary 
localization of poliovirus in neurons segmental to muscle groups involved in 
trauma or violent exercise can be explained. A predominating factor in this 
set of events would, of course, be the simultaneous occurrence of a viremia. 

The question of the role of vascularity in influencing sites of poliovirus 
infection in the spinal cord in naturally acquired infections is of interest. In 
paralysis of the extremities, the proximal muscles are more commonly affected 
than the distal muscles (45). Most of the blood supply in the cord is supplied 
through the central arteries, while most of the blood is drained by the peripheral 
veins. Thus, a gradient of flow is established from the ventral median fissure 
in a lateral direction. The importance of this gradient can be seen by examining 
the somatotropic organization of the pyramidal cells. Those cells innervating 
the trunk region of the body lie most medially. The cells innervating the arms 
or legs, forearms or calves, hands or feet, and digits, lie respectively, more 
laterally. Therefore, the afferent blood supply will, to a large extent reach the 
cells associated with the trunk first, flowing on through the cells innervating 
the muscle groups of the limbs in the order named, finally reaching the veins 
peripherally (46, 47). In the face of a pronounced viremia, this arrangement 
could act as a filtering mechanism; the more lateral a neuron was situated the 
less might be the likelihood of its picking up infective amounts of virus. Another 
factor to be considered here is the occurrence of initial leg paralysis two times 
more frequently than arm paralysis. This result may be associated with a 
provoking effect produced by the relatively greater amount of activity that 
leg muscles undergo. 

The increase in poliovirus infectivity produced by CO, inhalation is not 
without precedent. An influence of increased CO, tension on the infectivity of 
sigma virus in Drosophilia has been reported (48). Infected flies are found in 
abundance in nature but remain completely asymptomatic until placed in an 
increased atmosphere of CO2; in high concentrations, an exposure time of 15 
seconds is sufficient to produce disease. The virus localizes in the motor neurons 
causing paralysis and death. Also pertinent was the finding that high environ- 
mental temperatures could, under certain conditions, rid the flies of virus. 

SUMMARY 

Inhalation of elevated concentrations of CO, produces a significant increase 
in the susceptibility of mice to intravenously inoculated Type II  poliovirus. 
The CO, effect is directly proportional to the concentration; 2.5 minutes 
inhalation of a mixture of 30 per cent CO~-70 per cent O2 produces maximal 
effects, while lower concentrations of CO2 require correspondingly longer 
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periods. The threshold level is 7 per cent; inhalation of lower concentrations, 
even for long periods of time, fails to enhance virus infectivity. Placing the 
animals in the CO~ atmosphere before injection of virus does not influence 
susceptibility; virus must be in the circulation at the time CO2 is inhaled if 
enhancement of infectivity is to be elicited. The effect is completely reversible, 
disappearing almost immediately upon withdrawal of the animals from the CO2 
atmosphere. CO2 mediates an increase in the entry of virus into the CNS from 
the circulation but does not affect the spread of virus within the CNS; suscep- 
tibility of mice to intracerebrally inoculated poliovirus is not influenced by 
CO, inhalation. The me&hanism(s) of action of CO2 can be explained, in part, 
by the dilatation of cerebral blood vessels and increased rate of blood flow 
through the CNS produced by the CO~. However, other factors, which remain 
unidentified, contribute to the net effect of C02. 

The relation*hlp between the mechanism of action of CO, and the provoking 
effects of trauma and violent exercise in poliomyelitis is discussed. Also, a 
relationship between the CO, tension of the blood and environmental tempera- 
tures on poliovirus susceptibility is proposed. 

We wish to thank Mr. Yoshimi N'~hi and Mr. Zane Price for making the eleetronmicro- 
graphs and Dr. Daniel H. Simmons of the Department of Medicine for help with the pC0, 
determinations. 
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EXPLANATION OF PLATES 

PLATE 12 

FIG. i. Section through parenchyma and capillary containing a red blood cell 
(RBC). The endothelial cell (EC) and the capillary basement membrane (BM) are 
distinct. An astrocytic food process (AF) lies adjacent to the capiUary on the left. The 
plasma membranes of the parenchymal cells are distinct and the intraceUular and 
extracellular ground substances are homogenous. Normal mouse brain cortex. × 15,000. 

FIG. 2. Photomicrograph showing continuity of the extracellular ground substance 
between the parenchymal cells with the ground substance lying within the capillary 
basement membrane (arrows). Normal mouse brain cortex. X 35,500. 

FIo. 3. Higher magnification of parenchyma showing continuous extracellular 
ground substance. Normal mouse brain cortex. X 34,000. 
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PLATE 13 

Fro. 4. Section of cortex from control mouse brain showing carbon particles lying 
within the extracellular spaces. Capillary with RBC above and lo the left. × 26,000. 
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PLATE 14 

Fro. 5. Section from the same area of cortex as the preceding section but slightly 
deeper in the tissue showing that carbon particles are distributed in two planes in this 
particular area of parenchyma. X 42,000. 

Fro. 6. Higher magnification of a section from the same brain as in Fig. 7. Note the 
indistinct portion of the capillary basement membrane and indistinct plasma mem- 
branes of the parenchymal cells. A kind of "liquefaction" of the tissue is observed. 
X 26,500. 
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PLATE 1.'5 

FIG. 7. Section of cortex from a mouse injected with carbon and treated with C(),.,. A 
longitudinal and cross-section of capillary containing red blood cells and surrounding 
brain parenchyma studded with carbon particles. × 8,400. 
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