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THE CENTER FOR AIR ENVIRONMENT STUDIES

The Center for Air Environment Studies at the Pennsylvania State University
was established in 1963 to coordinate research and instruction concerning the
interaction of man and his air environment. An interdisciplinary unit of Inter-
college Research Programs, the Center has a staff with backgrounds in many of the
physical, biological, social, and allied sciences.

A broad, flexible, research program is maintained within the Center. The
direction of this research depends largely upon faculty and student interest. Some
of the current programs are:

The operation of an air pollution information service utilizing computers
and other mechanized systems for the collection, retrieval, and
dissemination of air environment literature. (See inside back cover).

Research on effects of air pollutants on trees, food, and fiber crops;
predisposition to attack by other pathogens; and economic loss through
damage to plants.

Studies of small particle behavior, particle detectors, and particle
collection devices.

Development of high accuracy, low cost, mobile, analysis equipment for
routine sampling of ambient air.

Research on biological effects of pollutants on animals and vegetation.

Studies of combustion processes leading to lower contaminant emissions.

The application of Management Science - Operations Research techniques to
the study of the effects of pollution control measures on the decision
processes of potential polluters.

Development of rapid response, specialized instrumentation for the quanti-
tative measurement of contaminant concentration.

Controlled atmosphere air quality studies for a life-support system.

Fundamental research on the chemistry, photochemistry, and atmospheric
reactions of airborne contaminants.

Basic facilities and services are maintained and provided by the Center. In
*» addition, through the direct participation of all University departments, depart-
/ mental laboratories and facilities are utilized whenever possible. Collectively,
/ these provide an extensive resource for research at The Pennsylvania State University.

The Center has also developed air pollution training programs with grant support
from the Office of Air Programs of the Environmental Protection Agency. One, the
Graduate Training Program, is designed to train students from diverse academic back-
grounds for careers in air pollution control. The student conducts thesis research
on an air pollution problem in his major field and takes a minor course sequence of
air pollution related topics. The CAES conducts the program and organizes the course
sequence in cooperation with the Graduate School and the academic departments.

The Engineering and Administration of Air Pollution Control course, coordinated
by the CAES staff each summer, is designed to give the baccalaureate level student
and the control agency representative the specialized training necessary for an
appreciation of all phases of the air pollution problem. This training includes the
socio-economic, administrative, and enforcement aspects as well as related engineer-
ing and scientific principles and techniques. The eight-credit course is devoted to
lectures, discussions, laboratory experiments, field work, and public administration
simulation exercises. University faculty members, air pollution specialists, and .
government and industrial representatives conduct the ten~week program.

-continued on inside back cover-
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I. ABSTRACT

Isolated lungs were perfused 1.5h with a medium of washed bovine red |

cells resuspended to a 157 Hct with Krebs-Henseleit bicarbonate buffer con-
taining 5g% albumin. Substrate concentrations were 6mM glucose and 1lmM pal-~
mitate. Lungs were ventilated 100 cycles/min and controls received 217 O? ~
5% COZ' In the first series of experiments effects of altered CO2 tension
were examined. For hypocapnia, lungs from normal rats were removed, perfused
and ventilated with 217 02 ~ 3% CO2 (balance NZ) for 1.5h. For hypercapnia, 4
lungs from normal rats and rats exposed to 24h hypercapnia (127 COZ) were re-

moved, perfused and ventilated with 217% 0, - 10% CO2 (balance NZ) for L.5h.

2 ‘
Control lungs for all groups were ventilated 21% 02 - 5% CO2 (balance Nz).
Exposure of normal rats lungs to 1.5h in vitro hypocapnia (PCO, = 22.8mmHg * 3

2
0.3SE) significantly (P < 0.05) increased lactate (42%) and pyruvate (20%)

levels, with no effect on U - 14C glucose incorporation into lung lipids or ¢

oxidation to 14COZ. Normal rat lungs removed and made hypercapnic in vitro

(PCO, = 65mmHg *+ 1.6SE) did not alter U - 14C glucose incorporation into lung

2
lipids, glucose oxidation to 14002, lactate production, but did result in a :j
significant 267 decrease in pyruvate levels. In contrast to normal lungs,
prior exposure to hypercapnia (12% COZ) for 24h and subsequent perfusion under
hypercapnic conditions significantly depressed glucose uptake (477%) labelled
glucose incorporation into phospholipids (297%), glucose oxidation to 14002

(39%), lactate production (34%) and pyruvate levels (48%). These data indicate

that prior exposure to high CO, tension markedly alters the lung's ability to

2

maintain synthesis of cellular constituents from glucose.

In a second series of experiments, acute effects (24h) of hyperoxia on

lung metabolism were examined. Rats were first exposed to 100% 02 for 24h

and then lungs were excised and placed on the perfusion preparation.




Hyperoxic lungs were ventilated with 957% O2 - 5% €O Lactate production

2
showed a significant (P < 0.05) 27% increase while pyruvate resulted in a
36% decrease. Lipid synthesis, and lung dry/wet were not significantly
(P < 0.05) affected.

In a third set of experiments acute effects (24h) of hypoxia on lung
cyclic nucleotides were investigated. Male Long Evans Hooded rats were

exposed to a simulated altitude of 7,193 meters (23,600 feet:PB=ZSOmmHg)

for 24h. Control animals were maintained at atmospheric pressure. Both

groups received water ad libitum, but each group was food deprived for the

24h period, since food intake is substantially reduced in rats during hypoxic
exposure. Cyclic nucleotides were also examined in liver tissue to evaluate
comparatively with the lung. Acute 24h hypoxia resulted in a significant 76%

decrease in lung adenosine 3', 5' - monophosphate (cAMP). Lung guanosine 3', 5' -

monophosphate (cGMP) was unaltered as well as liver cAMP and cGMP following 24h
hypoxia. 1In contrast rats fasted for 72h showed a significant 3 fold increase
in lung cAMP (picomoles/mg tissue) and an 8 fold increase in liver cAMP.
Tissue cGMP for both tissue was unchanged by a 72h fast. These data indicate
1) that acute hypoxic stress has a selective action on lung cAMP and 2) nutri-
tional stress potentiates a different effect on cAMP in lung and liver than
hypoxic stress.

In a fourth series of experiments the effect of hypoxia on phospholipid 1
fatty acid synthesis was examined in the isolated perfused lung. The lung
has the ability to esterify exogenous free fatty acid into phospholipids as
well as to synthesize phospholipid fatty acid (PLFA) endogenously from glucose.
The effect of hypoxia on the relative contribution of preformed fatty acid
versus endogenous synthesis of PLFA was assessed by comparing the ratio of

9, 10-H3—palmitate to U-14C—glucose incorporated into PLFA of perfused lungs. I




Palmitate incorporated into PLFA averaged 3562 *+ 225 nmoles/g dry lung/hr

(+SE) compared to 408.3 + 48.3 nmoles/g dry lung/hr for glucose yielding a
palmitate:glucose ratio of 8.47 * 0.84; indicating 8 moles of fatty acids
are converted into PLFA for every mole of glucose. Hypoxia (lungs ventilated

with 5% 0, - 5% CO, compared to lungs ventilated with 21% 0, - 5% COZ) did

< &

not alter the relative contribution of palmitate and glucose incorporation
into PLFA (ratio = 8.71 * 0.47). Corticosterone (10—5M in the perfusion
medium) did not significantly (P>0.05) change the ratio (9.34 + 0.8).
These data indicate that 1) lung PLFA are synthesized primarily from esteri-
fication of preformed fatty acids and endogenous synthesis, either de novo
or by chain elongation, is of minor significance; thus emphasizing the im-
portance of fatty acid uptake by lung 2) PLFA synthesis is not immediately
affected by hypoxia and corticosterone.

In the last series of experiments the effect of 24h hypoxia-hypercapnia
(9% O2 - 12% C02) exposure on lung metabolism was examined. Rats were first
exposed for 24h to the altered gas mixture and lungs were subsequently re-
moved and placed in an isolated perfused organ preparation. A 24h exposure
to the hypoxic-hypercapnic gas mixture significantly increased lung wet and
dry weights. Glucose uptake (a-v difference) and lactate production by the
isolated perfused lung were also markedly accelerated by 67 percent and
30 percent, respectively. U-lAC-glucose oxidation to CO2 was not altered
but incorporation into lipids showed a 90 percent increase in the IPL
following 24h exposure. 9, 10—3H palmitate incorporation showed a 57 percent
increase in neutral lipids plus free fatty acids but not in phospholipids.
These data indicate that a 24h acute hypoxic-hypercapnic exposurc drastically
alters lung weight, body weight, and glycolysis and lipid synthesis in the

lung.




IT. SUBPROJECT REPORTS §

A. A Perfused lung preparation for studying altered gaseous environments )

organ to environmental insults. However, fundamental knowledge regarding i
|
effects of environmental pollutants on the functional processes at the tissuc
level is lacking. The use of the isolated perfused lung (IPL) preparation
CoOOME BAYE e _L,,-I” --\_l_] suited t "‘""L".""' Ayl t,.....'—. sfF{oote of auch
scems particularly well suited to investigate carly toxic effccts of such
pollutants in an attempt to gain insight into underlying mechani which
lead to lung injury.
The design of our 1PL preparation is one that is as GS
possible and yet permits a wide range of flexibility din experimental design. I
14
3
Male Lonp=Evans hooded wats were heparinized (1 wnil/yg body weigh p
T ey yvrad o, ot N P < 3 AT o ATy Py < e e | ¥ P - W gnigr 4 vs H
2V minuces berore they were sacrificed. Animals were then aanesthetized
. N . . . . . - 1. B . ’ fre \ . 2
with an intraperitoncal injection of sodium pentobarbital (6 mg/Kg) and i
exsanguinated via a carotid artery. The trachea was cannulated, luags were X
i
| removed from the chest and the left atrium rewmoved., Lungs were kept
[
| ) ) ! )
¥ - 1 -+ - ¢ T e T ] - e 1Y 71y Ay 1 ~Ae « o o H . ~ ik w ) 3
intlated at all times. The pulmonary cannula consisti of polyethylene !
-1 1 1y © £ 3 ey oS PRI . i 3 2 Pars EE e 3 o 3 11 91 1§
tubing (2.0 wn id, 2.8 mm od; 3 M Co., St. Paul, Miph.) was filled with

1 .

Krebs-Heuseleit bicarbonate buffer (KHB) and inserted into the pulmonary

artery. The atrioventricular valves were ligated. Lungs were then placed

in an organ chamber (500 ml Erlenmyer flask with a blown side arm for s

collection) which housed both the lung and perfusion medium. A schematic

of the 1PL is showa in Figure 1, and consists of four organ chaubers housed
in a temperature controll »d lucite box Jith a circ Tatrdine At AT A C U O
in a temperature controiase LUCLEE DOX WLEH & CLEYCULEVING Lall, femiparature
¥ ot it o "0 e e SR 5 el '
was maintained at 37°C. The apparatus permitted simultancous periusion of

three lungs and a blank. The blank consisted of circulated perfusate with-

SrLer ANl Pt oo it T ¥ = B o} Yiab s o ge s T raa Ul o s o . 3 5
qul a Luiky bl Was used L0 stioltract neldnodice contlrioudllion 1ot e LihLlicls
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gs were ventilated with a Harvard positive pressure ventilation pump

A

(Model #620) at a frequency of 50 cycles/min. Ventilation was arranged

D e

.ungs could be ventilated with any desired gas composition with

concomitant collection of expired gas. Positive end expiratory pressure (PEEP)

was maintained at 3 cn H,0. The perfusion medium consisted of washed bovine

red blood cells resuspended to a hematoerit in KHB buffer containing

bp% dialyzed Pentex bevine serum albumin (Miles l.aboratories, Tnc. 1L).

(2 mA\e

mM glucose and 0.4 nM palmitate.

buifer was filtered twice throu

millipore filters (0.8p and 0.45u, respec-

tively) washed RBC's were added, pll adjusted with 0.8 M Ka carbonate, and

2

70 ml of perfusate placed in each organ chamber. Preparation of the BSA
solution, washing of RBC, and binding of palmitate have been described i
previcuslty (1). usion medium was circulated with a Harvard Peristaltic ’
) ml/min) and “hrough a ally designed chamber to da :
pressure and emboli before entering the lung. Pulmonary
was monitored with a Statham pressure transducer (P23RE). Perfusatc

P0,, PCO, and pH were measured with a Corning blood gas analyzer

All lungs were perfused for 1.5h. Procedures for measuring lactic acid,

pyruvate isolating and counting lung lipids, and counting CO, have been

Jdiere (Z, 305

described in detail els

As seen in Table 1, blood gases and pH remained stable throughout

the 1.5h perfusicn period when lu wvere ventilated with 0. SH-C0
Although not shown, lungs ventilated with 21% 0, = 5% ),, also i itained
w ) 1 =

Figure 2 shows pulmonary pressure at various

L ) \ 1
{ L t cric 0 pan ; { ali;
pressure curve from a stable IPL with a mean pressure of 13.0 mm Hg., :
b
[}
i G
’ i
i
| i
il Ik




Table L.

pH

Blood

TOTAL CU;,

()

Values

)i | /e
i

1iges from perfused lungs ventilated with

PERFUSION T

% 0. - 54 CO_1

S

7396

481.9

|89}
(92}

to

4.
£

-0.8

5 cve

= 0.00:
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49}
4
wl

|4

0.6

£ 0.6

lungs were perfused for 1.5h
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unstable perfused lung (Panel B).
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panel B, is a pulmonary pressure curve frow an unstable preparation.

absence of red cells in the medium, over half of the perfused lungs ex

this type of phenomenon with marked edema (weight gain over 5%).

hands, the presence of washed cells in the medium appears to wmajintain

lary patency and less than 14 weight gain occurs; no lungs

cause of edena.
Pulmonary pressure in the perfused lung can serve as a sensitive indicator
of cenvirenweuntal stresses on the pulmonary vasculature. In a previous study

verfused lunge made hypoxic by ventilating them with 5% 0, - 5% CO, s

a significant 30%Z increase in mean pulmonary pressurc.

Zilll

capi l-

i

NOwWE

Figure 3, shows the results of glucose incorporation into lung lipids

Wilal Latic. For the L.oh perrusion period, giucose lacorporation was

with tiwme indicating tissue viability. Although not shown, over 65%

P

total lipid radioactivity appcared in the phospholipid fraction. Glucose

- V
oL Lin

uptake (arteriovenous difference) and lactate production have alse beoen s
to be linear with time (1). Table 2 shows the acute cffects of altered (
tension on lactate and pyruvate production. Perfused lungs made hypoce

by ventilating them with 21% 0, - 3% 0, showed a significant 427 iuciease

i &

lactate production while perfused lun

made hypercapnic (217 0_-107

not appreciably alter lactate production. Pyruvate production appear:

be inversely affected by CO, teasions (i.e., incrcased with hypocapnia

vice versa) with a significant 357 increase in lactate to pyruvate (

ratio in hypercapnic lungs. Under normal conditions some lactate is

from pyruvate yvielding a L/P ratio in the tange of 10-14 (4). As see

Table 2, under hypocapnia both lactate and pyruvate increased sonewin

portionally wherecas in the hypercapnic condition lactate was cssentia
L od and pyru L 1L <3 0 e e i B o on LS 118

the eytoplasmic redox state but also could potentially serve to diffe

between hypocapnic and hypercapnic conditions at the tissue level.

S
:..Akl
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In summary, the isolated perfused lung serves as a physiologic model

to study quantitative effects of altered gaseous environments on lung
metabolism and offers several distinct advantages: 1) the lung remains an
intact organ which permits the study of functional properties associated
with metabolism which may not exist when isolated components are investi-
gated. 2) Blood flow, substrate concentration, ventilation and blood
gases can be controlled. 3) Transfer of extracellular nutrients from
perfusate to lung is physiologic, i.e., capillary circulation.

The IPL apparatus consists of four perfusion flasks housed in a
temperature controlled lucite box with a circulating fan. Lungs are
ventilated by a positive pressure ventilation pump. The ventilation is
arranged so that the lung can be ventilated with any desired gas composition
with concomitant collection of expired gases. The perfusion medium is
circulated at 10 ml/min with a peristaltic blood pump, and passes through
a specially designed chamber to dampen pulmonary pressure and remove emboli.
The perfusion medium presently used in our experiments consists of washed
bovine red blood cells resuspended to a 15% hematocrit with Krebs-Henseleit
bicarbonate buffer containing 6g% dialyzed Pentex bovine serum albumin.
Circulating substrates include 6 mM glucose and 0.4 mM palmitate. pH is
adjusted to 7.4 with 0.8 M Na carbonate. Lungs perfused for 1.5h with this
apparatus maintain viability, show little edema, maintain blood gases, and
show linear incorporation of labeled glucose into lung lipids. Perfused
lungs made hypocapnic show a significant (P<0.05) rise in lactate and
pyruvate while perfused lungs made hypercapnic show a significant decrease

in pyruvate with no change in lactate.
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B. Effect of acute hyperoxia (24h) on lung metabolism

The purpose of this study was to examine the effect of acute hyperoxia
on substrate metabolism. Male Long Evéns Hooded rats were exposed to 100% 02
for 24h. Following the exposure, lungs were removed and placed on an isolated
perfused organ apparatus (figure 1). All perfusions were carried out at 37%,
Lungs were perfused for 1.5 hours with a medium containing washed bovine red
blood cells resuspended to a 15% hematocrit with Krebs Henseleit bicarbonate
buffer containing 5g% Pentex bovine serum albumin. Glucose and palmitate
concentrations were 6mM and 1lmM, respectively. pH was adjusted to 7.4 with
0.8M sodium carbonate. Substrate uptake was calculated as a product of initial
and final concentration differences and perfusate volume. The amount of glucose
degraded by blood cells was accounted for by circulating the medium in one set-

up (blank) without a lung and measuring the substrate concentration changes

attributed to the blood. All lungs were ventilated 100 cycles/min at tidal

volume of 2.0ml. Control lungs were ventilated with 217 0, - 5% CO,. Hyperoxic
A 14 5
lungs were ventilated with 95% 02 - 5% C02. Ten pCi of glucose-U- e (specific

activity of 15 mCi/mmole) was added as a single pulse. From table 1, PCO
.

and pH were not significantly different from control lungs. Although glucose
uptake in the perfused lungs was unchanged following 24h hyperoxia, lactate
showed a significant (P < 0.05) 17% increase in lactate production and a 41%
decrease in pyruvate levels. Accordingly, lactate/pyruvate ratio showed a
significant 1007 increase in the 24h hyperoxia exposed lungs. Lung dry/wet
weight was not altered indicating no edema following 24h hyperoxia. As scen
L. ; : . sllts
from table 2, glucose-U-" 'C incorporation into various lung lipids was not

affected by acute hyperoxia (24h).
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fable 1. 1Influence of acute hyperoxia (24h) on substrate metabolism in the lungt

seasurement Control Hyperoxia
(N = 6) (N =7)
Glucose Uptake 52.2%5.1 54.5%3.7

(umoles * g dry ].ung_l

a
Lactate

(umoles -+ g dry lung—l

I) ] - "a
yruvate

(umoles * g dry lung_l

Lactate/Pyruvate

Lung dry/wet weight
(Postperfused)

pH

p
Hy

(mmHg )

P

co,,

(mml_lg)

125, 7£10. &

12.8+0.6

10, 1EQ S

0.16£0,012

7.36+0.019

12944

161.0+10.0%*

7.6+0.8%

28, 3E354%

0.15+0.008

7.36%0.016

358135

+ Values are averages *SE.
then lungs removed and perfused for 1.5h.
for all lungs was 10ml

« min~ L.

a Metabolites were measured from circulating medium

* Significant statistically from controls (P < 005

Hyperoxic rats were first exposed to 100%4 0, for 24h and
Flow rate in the perfused ﬁrcparatjon
Control lungs were ventilated with 21% 0
and hyperoxic perfused lungs were ventilated with 957 0, - 57 CO,.

, = 5% €0,

&




Table 2. TInfluence of acute hyperoxia (24h) on glucose -U - 14
into lung lipidst

C incorporation

Lipid Control Hyperoxia

(N = 6) (N=17)

Total lipid 2671+170 2690170

Neutral lipid 494440 481430

Phospholipid (PL) 1793+89 1797+119

PL - fatty acid 15329 149+14

PL - glyceride glycerol 1566+82 1707+98

t+ Values are means *SE and expressed as nmoles * g dry lung_l g h_l. Sce

table 1 legend for perfusion details.




These data indicate that although lipid synthesis is not immediately af-
fected by 24h hyperoxia, the components of cellular activity are affected,
particularly increased anerobic glycolysis and changes in pyruvate metabolism.
How these changes in cellular activity are related to subsequent lung injury
associated with hyperoxia exposure is not known at this time.

(i Influence of acute hypercapnia (1.5h) on substrate metabolism in the

perfused lung.

In the next series of experiments the effect of 1.5h acute hypercapnia

on lung metabolism was examined. Substrate concentration and the manner of

perfusion were the same as described previously. Control lungs were ventilated

with 21% 0, ~ 5% COZ’ and lungs were made hypercapnic by ventilating them with
21%Z 0, and 10% CO,,. PCO for the hypercapnic lungs averaged 64.6 * 1.6 during

Ly d
the 1.5h perfusion period (table 3). Acute hypercapnia did not alter glucose

. ) 5 -1 -1
uptake or lactate production. Pyruvate expressed as pmoles * g dry lung Al S
however, showed a significant 267% decrease with a concomitant 367 increase in
lactate/pyruvate ratio. Acute hypercapnia did not produce edema as scen from )
the dry/wet weight. Acute hypercapnia also did not alter glucose oxidation or

incorporation into lung lipids (table 4). Moreover, the pattern of lipid

synthesis was not affected.

. Effect of acute hypocapnia (1.5h) on perfused lung.

Lungs were perfused in the same manner as above except experimental lungs
were made hypocapnic by ventilating them with 217% ()2 - 3% COZ' Hypocapnia
did not significantly affect glucose uptake. Unlike high COZ, hypocapnia re-
sulted in a significant change in both lactate and pyruvate levels (table 5)
without a marked change in lactate/pyruvate ratio. Lung dry/wet weight were

not affected by acute hypocapnia indicating little edema. In table 6, glucose i

oxidation and incorporation into lung lipids arc not affected by hypocapnia.
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Table 3. Effect of acute hypercapnia (1.5h) on lung substrate metabolism¥

Measurement Control Hypercapnia
(N =27) (NC=7)
Glucose ol -1 48.4+4.9 36.0+6,7
(ymoles - g dry lung - h ™)
Lactate® Lt 96.1+10.0 102.646.7
(ymoles * g dry lung N Ry
Pyruvate® e 9.5+0.5 7.0:0. 5%
(vmoles * g dry lung = - h 7)
Lactate/Pyruvate O 28wl 13.9+1.2%
Lung dry/wet weight 0.169:0.007 0.167+0.005
pH 7.33x£0.02 7.30+0.02
P 125%1..5 130x1.6
0,
(mmHg)
+ £G4

PC09 33%0.5 65t1.6
(mmHg)

+ Values are means *SE. Lungs were perfused for 1.5h at a flow rate of 10ml°* minml.
Control lungs were ventilated with 21% 02 - 5% CO2 and hypercapnic lungs were
ventilated with 21% 02 - 10% COZ'

metabolite measured from perfusion medium.

* significant statistically from controls (P < 0.05)




Table 4. Effect of acute hypercapnia 1.5h on glucose -U -

the perfused lungt

oo . ’
C incorporation in

Metabolite Control Hypercapnia
(N =17) N =17)

CO2 1193+111 1087+239
Total lipid 3886+£255 3629+170
Neutral lipid 926491 874158
Phospholipid (PL) 2494+157 2310+105
PL - fatty acid 422%39 374+37
PL - glyceride glycerol 2072+131 1935298

+ Values are means *SE and are expressed as nmoles '+ g dry lung

table 3 legend for perfusion details.

*h ™. See




Table 5. Influence of acute hypocapnia (l.5h) on lung substrate metabolismi

Parameter Control Hypocapnia
(N = T7) (N = 7}
Glucose o -1 48.4+4.9 41..3%7.0
(ymoles * g dry lung *h )
Lactate® A 96.1+10.0 136.6:10.9%
(umoles - g dry lung <h )
Pyruvatea i -1 9..5%0. 5 11.4+0.4%
(ymoles - g dry lung h )
Lactate/Pyruvate 10.2+1.1 12.020,.8
pH 7.33£0.02 7.32+0.01
1% 13%,3%£2. 2 1340298
0
2
P B2 (S 22.8+0.3
CO.
2
lung dry/wet weight 0.169+0.007 0.171+0.003

t Values are means *SE.
hypocapnic lungs were ventilated 217 O

Control lungs were ventilated with 217 O2

9~ 3% COZ'

obtained from perfusion medium P

* significant statistically from controls (P < 0.05)

= 5% CO2 and



Table 6. Influence of 1.5h hypocapnia on glucose ~U - 14C incorporation in the
perfused lungt

Metabolite Control Hypocapnia

N=7) (N = 8)

CO2 11938 1L 15174208

Total lipid 3886£255 37284158

Neutral lipid 926+91 798+52

Phospholipids (PL) 2494157 2435£116

PL - fatty acid 422+39 39927

PL - glyceride glycerol 2072+131 206377

1+ Values are means +SE and are expressed as nmoles.g dry luug,_l =g l. See table
5 legend for hypocapnic levels.




E. Influence of prior exposure to 24h hypercapnia on perfused lung

To examine the influence of prior exposure of hypercapnia on lung metab-

olism, rats were exposed to 127 CO2 for 24h. Food and water were supplied

ad libitum. Following 24h exposure, lungs were removed, perfused and ventilated

with 217 O2 - 10% C()2 for 1.5h. Control lungs were ventilated with 217 0, -

5% COZ' The perfusion medium was essentially the same as in part A. Twenty-
four hour hypercapnia resulted in a significant (P < 0.05) 27% increase in
adrenal weight (Table 7). Lungs fron these animals removed and subsequently
perfused showed a 467 decrease in glucose uptake, 347 decrease in lactate
production, and a 487 decrease in pyruvate levels. The ability of these

lungs to incorporate U—lAC—glucose into various cellular components and metab-
olites is shown in Table 8. Prior exposure to 24h hypercapnia significantly
depressed glucose incorporation into phospholipids (29%), and oxidation of
glucose to CO2 (397 «

These data indicate prior exposure to high CO, tensions markedly alters

2

lung phospholipid synthesis and lung glucose oxidation.




Table 7. Effect of 24h hypercapnia on lung metabolism

Measurement Control Hypercapnia
(N=6) (N=6)

Adrenal weight (mg) 52.5+ 3.4 66.6 + 3.2%
Plasma glucose (mg/100ml) 193.8+5.0 200.4 £6.3
Glucose uptake” 56.1+3.1 29.9 + 4.0%
Lactate production® 125.3+11.1 83.3 1+ 7.5%
Pyruvate® 7.1+0.6 3.7 +0.3%
Lung dry:wet 0.165 + 0.009 0.158 + 0.007

(Post perfused)

4.
|

Values are mean fSE. Lungs from normal rats and rats exposed to 24h hyper-
capnia (12% COj) were removed, perfused and ventilated with 21% 09-10% CO3
for 1.5h. Control lungs were ventilated with 217 02-5% CO,.

Values denote levels in circulating medium from perfused lung, and are
-1 -1
expressed as umoles . g dry lung O T

Significant statistically from control (P<0.05)




Table 8.

Influence of 24h hypercapnia

on

U—lAC-glucosc into lung.t

Metabolite Control Hypercapnia

(nmoles l4C-glucose (N=6) (N=6)

converted/g dry lung/h)
Total lipids 3318 + 309 24393 278
Neutral lipid 649 i 59 522 & 56
Phospholipid 2454 + 219 1737 + 186%
Laco, 1727 + 84 1051 + 83%
TCA - Soluble fraction 12,349 + 1424 9042 + 594
Protein 218500 2114 1727 + 245
RNA - DNA 982 + 56 842 + 100

+ Values are mean *+SE.

See Table 7 legend for details.

* Statistically significant from control (P<0.05).
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F. Substrate metabolism in the perfused lung: Influence of hypoxic-
hypercapnic environment

o p—

The purpose of this study was to examine the effect of acute 24h
hypoxia-hypercapnia on substrate metabolism. Male Long Evans Hooded rats
were exposed to a 9% 0, - 127 CO, gas mixture for 24h. Following the
exposure, lungs were removed and placed on an isolated perfused organ
apparatus (figure 1). All perfusions were carried out at 376, Lungs
were perfused for 1.5 hours with a medium containing washed bovine red
blood cells resuspended to a 157 hematocrit with Krebs Henseleit
bicarbonate buffer containing 6g% dialyzed Pentex bovine serum albumin
and 20 amino acids at physiological levels. Glucose and palmitate
concentrations were 6mM and 0.4mM, respectively. pH was adjusted to 7.4

with 0.8M sodium carbonate. Substrate uptake was calculated as a product

of initial and final concentration differences and perfusate volume. The

amount of glucose degraded by blood cells was accounted for by circulating

the medium in one set-up (blank) without a lung and measuring the substrate

concentration changes attributed to the blood. All lungs were ventilated

50 cycles/min at tidal volume of 2.0ml. Blood flow was 10ml/min. Control
’

lungs were ventilated with 21% 0, - 5% CO,. Hypoxic-hypercapnic lungs

were ventilated with 9% 0p - 12% COp. 10uCi of U- ™C-glucose and 50uCi

9, 10—3H—palmitate were added as a single pulse.

From table 1, the 24h hypoxic-hypercapnic exposure resulted in

significant changes in lung and body weights. Both the control and 24h

exposed group were food deprived for the 24h period to separate anorexic
from hypoxic-hypercapnic effects. Thus, the changes in body and organ

weights appear to be due to the 24h exposure. Lung wet and dry weight




Table 1. Effect of 24h hypoxia-hypercapnia exposure on body
and organ weights.T

Weight Control Hypoxia-Hypercapnia

Body weight, g

initdial 335.9+8.9 322.1%5.5
final 316.8+9.7 286.3+5.0%
Adrenal weight, g 0.0702+0.0042 0.0598+0.0040
Lung weight, g
wet 1.3682+0,0607 1.6612+0.0807*
(n=5)
dry 0.2304+0.0119 0.2921+0.0158%
(n=5)
dry/wet 0.168:0.003 0.176+0.005
(n=5)

i Values are mean*SE with n=6/group unless specified other-
wise. Both control and experimental groups were fasted
for the 24h exposure period.

* Statistically significant from control (P<0.05).
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showed a 21% and 277% increase, respectively. The change in wet and dry

weight were proportional and yielded a normal lung dry/wet ratio. Prior
24h exposure also resulted in accelerated glucose uptake (67 percent) and

a 30 percent increase in lactate production in IPL (table 2). Although
pyruvate was not significantly affected, lactate/pyruvate ratio (L/P)

did show a 50 percent increase following 24h exposure. In table 3, U- l4c-
glucose incorporation increased in both the neutral lipids - free fatty
acids (NL) and phospholipids (PL) fractions with the largest percent
increase appearing in the NL fraction (179 percent). Subsequent hydrolysis
of the phospholipid fraction revealed that glucose incorporation was
increased more in the phospholipid fatty acid moiety (110 percent) than

in the glyceride~glycerol pertion (31%). Therefore the percent distribution
of the total lipid radioactivity was affected by 24h hypoxic-hypercapnic
exposure. Glucose oxidation to COp, on the other hand, was not
significantly influenced by 24h exposure to hypoxic-hypercapnic enviroument.
Palmitate incorporation into lung lipids was also affected (table 4),
although, unlike glucose incorporation which increased in all fractions,
palmitate incorporation only increased significantly in the neutral lipid-
free fatty acid fraction. These data indicate that a 24h hypoxic-hypercapnic
environment markedly accelerates lipid synthesis in the lung. It is not
known at this time if these changes in glucose uptake, lactate production,
and lipid synthesis reflect adaptative processes to prevent lung injury or

whether these changes constitute early stages of lung cell damage.




Table 2. Effect of 24h hypoxic-hypercapnic exposure on glucose
uptake and lactate and pyruvate production in the
isolated perfused rat lung. 7

Metabolite Control Hypoxia-Hypercapnia
Glucose uptake 5304 . & 88.3:5.0%
(n=5)
Lactate Production 139795107 181.8+13.3%
Pyruvate Production T a71£0.6 6. 7205
Lactate/Pyruvate 18.3+0.8 27.5%2.2%

17 Values are meanstSE and expressed as pmoles - g dry lung_l'h
Lungs were perfused for 1.5h at a flow rate of 10ml/min and
ventilated at 50 cycles/min (controls with 21% 0, - 5% COjy;
experimental with 97 0, - 12% COp). N=6 unless specified
otherwise. Both control and experimental groups were fasted
for the 24h exposure period.

* Statistically significant from control (P<0.05)

29

...1.

Toc




Table 3. Influence of 24h hypoxic-hypercapnic exposure on
U- 1“Cc-glucose incorporation in the IPL. +

Metabolite Control Hypoxia-Hypercapnia
Glucose Oxidized to COy 1398:166 1645+53
(N=5) (N=5)

Glucose incorporated into:

Total lipids 24931116 42371450%
Neutral 1lipid + FFA 356+£32 (14) 992+94% (22
Phospholipid (PL) 1672475 (67) 2542+261*(60)
PL fatty-acid 324+17 (13) 683+88*% (16)
PL glyceride-glycerol 125837 (50) 1643+156%(39)
PL non-saponifiable 4522 ((2) 119+16* (3)
t Values are meantSE expressed as nmoles glucose incorporated * g dry

lung ~! « h~l. N=6/group unless specified otherwise. Number in
parenthesis is percent of total lipid radioactivity. See table 2
for perfusion details.

* Statistically significant from control (P<0.05).
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Table 4. Influence of 24h hypoxia-hypercapnia on 9, 10-"H palmitate
incorporation in the 1PL. T

Lipid Control Hypoxia-Hypercapnia
Total lipid 4508+86 5286*490
Neutral lipid + FFA 1079£68 (24) 1699+163* (32)
Phospholipid (PL) 2598+68 (58) 2617+192 (50)
PL fatty-acid 2087449 (46) 205905805038
PL glyceride-glycerol 38E3 (1) 3042 1)
PL. non-saponifiable 408+15 (9) 441444 (8)

T Values are meantSE expressed as nmoles glucose incorporated ¢ dry lung
=l < n -1, N=6/group. Number in parenthesis is percent of total lipid
&

radiocactivity. See table 2 for perfusion details.

* Statistically significant from controls (P<0.05).




G. Effect of hypoxia on lung phospholipid fatty acid synthesis 32

Lung phospholipids are essential constitucents of both the alveolar mem-
brane and pulmonary surfactant - the surface-active material that coats the
inner surface of alveoli and serves to lower and stabilize surface forces (1,
2). In vitro as well as in vivo studies have shown that the lung actively
participates in lipid synthesis primarily directed toward the formation of
phospholipids (1). Glucose and palmitate serve as major circulating substrates
taken up by the perfused lung (3), and both play roles in phospholipid fatty
acid (PLFA) synthesis. In the lung, circulating palmitate is preferentially
incorporated over other serum fatty acids and is esterified into PLFA (4)
while glucose can provide acetyl CoA for the synthesis of PLFA either by
de novo synthesis or by chain elongation (5, 6).

The relative importance of the lungs ability to incorporate palmitate
into PLFA versus the ability to synthesize PLFA from glucose has not
been assessed. We, therefore, examined 9,10—3H-palmitatc incorpora-

tion into PLFA relative to U-14C—g1ucosc in' the perfused lung.

METHODS
Male Long Evans hooded rats approximately 350g were given food

(commercial rat chow) and water ad libitum. Rats were injected intra-
peritoneally (IP) with heparin (1 unit/g body weight). Fifteen minutes
later, they were anesthetized with an IP injection of sodium pentobar-
bital (6 mg/kg) and bled via a carotid artery. Lungs were kept inflated
and quickly excised, and perfused for 1.5h at a flow rate of 10 ml/min.
Details of the perfusion apparatus and protocol for lung removal and can-
nulation as well as perfusion medium preparation have been described in

detail elsewhere (3, 7). The basic procedurc consisted of pumping blood

through the lung via the pulmonary artery and allowing the medium to drip
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from the left atrium into a reservoir flask for recirculation while the

lungs were cyclically inflated-deflated at 100 cycles/min. Briefly, the
perfusion medium consisted of washed bovine red blood cells resuspended to

a 15% hematocrit with Krebs-Henseleit bicarbonate buffer - Sg% Pentex bovine
serum albumin (Miles Laboratories). Glucose and palmitate (Sigma Chemical Co.)
concentrations were 6 mM and .7 mM, respectively. The pH of the medium was
adjusted to 7.4 with 0.8M sodium carbonate. Twenty uCi of U-14C-g1ucosc and 25 uCi
of 9, lO—BH—palmitate (specific activity 42.5mCi/mMole) were added to the perfusion medium
as a single pulse. The relative contribution of palmitate versus endogenous
synthesis of PLFA from glucose was calculated as nmoles 3H - Palmitate con-
verted to PLFA/g dry lung/h // nmoles 14C-Glucose converted to PLFA/g dry lung/h.
The relative incorporation of palmitate and glucose into PLFA was also in-
vestigated during both 1.Sh hypoxia and with 10-5 M corticosterone (Sigma
Chemical Co.) added to the medium. Hypoxia was accomplished by ventilating
perfﬁsed lungs with 5% 02 - 5% CO2 with the balance Nz. In another set of
experiments 10-5 M corticosterone, which approximates physiologic concentrations
(8), was added to the perfusion media. The solution was prepared by dissolving
in ethanol (2.7 mg/ml).

Lipids were extracted and separated as previously described (9). Phospho-
lipids were saponified by refluxing with 3.75% potassium hydroxide in methanol
for 30 minutes at 67°C. The nonsaponifiable materials were extracted with
light petroleum ecther (b.p. 30-600C). The remaining hydrolysate was acidified
with 1IN HCL and fatty acids extracted with light petroleum ether. The remaining
aqueous portion contained phospholipid glycerol. Scintillation fluid for phos-
pholipids, nonsaponifiables and phospholipid fatty acids was a toluene-based
solution containing 4.0 g Omnifluor (Pilot chemical) per liter solution: The
scintillant for phospholipid glycerol from hydrolysis was Omnifluor: Triton X-100

(Rohm § Haas) (2:1).
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RESULTS
14 . i o e ey i -
U-~ C-glucose incorporation into lung lipids was lincar over the 1.5h
period in the perfused lung (Fig. 1). Although not shown, over 65% of the

amount of glucose incorporated into total lipids was utilized in phospholipid

synthesis. The distribution between neutral and phospholipids remained

L — Y

unchanged indicating that the rate of glucose incorporation rapidly equil-

ibrated and remained constant throughout the perfusion period. Other studies
indicate labelled palmitate also rapidly equilibrates between the 1lipid

i

classes (10).

Incorporation of labelled palmitate and glucose in the perfused lung

P : 3T % S Y A" s
under normal and hypoxic conditions, as well as in lungs perfused with 19 M

corticosterone is shown in table 10. Over 80% of the palmitate converted
into phospholipids appeared in PLFA. Some radioactivity appeared in the
nonsaponifiable fraction and only trace amounts of H”- label appeared in

+

the phospholipid

tely 15% of the glucose con-

lycerol fraction. Approxi:
verted into phospholipids appeared in PLFA with remaining portion in the
phospholipid glycerol. The ratio of
to glucose utilized in PLFA was 8.5 indicating that for every mole of
glucose utilized in PLFA synthesis, 8.5 moles of palmita were utilized.
. ; ot D : Ty
Niither acute hypoxia nor the presence of 10 © M corticosterone signifi-
cantly effected (P > 0.05) the incorporation of glucose or palmitate into

lung phospholipids during the 1.5h perfusion period. Moreover, the relative

contributior lucose and palmitate into PLFA was also unchanged.
Discussion

The lung has a considerable amount of lipoprotein lipase ac

-
-

can readily extract fatty acids from chylomicrons or as low density lipo-

proteins both of which are available in large supply (11). Circulating
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Table 1¢g. Relative incorporation of U - 14C ~ glucose and 9, 10 - 3“ -

palmitate into perfused lung lipidst

nmoles of substrate converted/g dry lung/hr

Lung lipid Control Hypoxiaa Corticosteroneb
(8=9) (¥=8) (N=7)
Phospholipid
3H-palmitatc 4421%282 4288%+258 4226*315
¢ slucose 27914144 2658+154 2823+266
Phospholipid fatty acid
(PLFA)
3H-palmitatc 3562+224 3530£206 3276£255
14¢_glucose 408+49 40922 361435
Relative incorporation into \
PLEAS 8.5%0.84 8.7+0.44 9.3+0.80

tValues are averages * S.E. Lungs were ventilated with 21% 0, - 5% CO,
unless otherwisce specified. B .

a ] : ; e e ; =
hypoxic lungs were ventilated with 5% 0, - 5% CO,. P in the perfusate
i ¥ 5 i ¥ 0,
averaged 34.9 + 0.9 mmig. 2

’ ; - ~5 : : :
perfusion medium contained 10 ~ M corticosterone, dissolved in ethanol
and added immediately before perfusion,

c 5 : -
expressed as H-palmitate incorporated

14 . :
C-glucose incorporated




glucose is also actively taken up by the lung, even in the absence of in-
sulin (12, 13). In the present study, both glucose and palmitate are
readily incorporated into lung phospholipids, and in the presence of cir-
culating palmitate, approximately 15% of glucose converted into phospho-
lipids appeared in PLFA moeity. The remaining portion of glucose con-

verted into phohpholipids appeared in the glyceride - glycerol moeity.

Recently, Wang and Meng (1) recported thai in the perfused lung
20% of 14C-phospholipid from glucose was in PLFA, which is slightly
higher than seen in the present study. However, our circulating levels
of palmitate were also higher, and the presence of palmitate is known to
markedly affect the amount of glucose incorporated into PLFA (13). 1In a
previous study with lung tissue slices,we have shown up to 40% of glucose
radioactivity in the phospholipid appeared in PLFA when palmitate was
absent from the media (9).. High circulating glucose levels also increased
the amount of glucose appearing in PLFA (1f). From the foregoing ob-

servation circulating substrate levels affect the pattern of glucose in-

e

corporation into PLFA. As seen from table 1, when 0.7mM palmitatec and omM
glucose are present in the circulating medium, the ratio of palmitate
utilized to glucose utilized in PLFA synthesis is §.5, indicating approximately
8-9 moles of palmitate are incorporated for every mole of glucosc. Ex-
pressed on a carbon basis, 96% of the PLFA carbons came from palmitate.
From these data, it would scem that synthesis of lung PLFA is primarily
from esterified palmitate and the synthesis from glucose, either de novo
or by chain elongation, is of minor importance; thus emphasizing the sig-
nificance of fatty acid uptake from circulating medium in perfused lung.
No attempt was made in this study to differentiate chain elongation versus
de novo synthesis. However, Sanders and Longmorc (15) found by using mass

v . - - 1:"1 - M N "
spectrometric analysis of the products of U - C glucose incorporation that




most of the endogenous synthesis of lung PLFA was from de novo synthesis.

Although the relative importance of glucose incorporation into PLFA appears

to be minor in the perfused lung under our conditions, it may be of physio-
logical significance at different times in the intact animal where, for in-
stance, short chain fatty acids are more available for elongation or substrate
levels may vary (e.g. hyperglycemia).

Glucose and palmitate incorporation into lung phospholipids was not
significantly affected in hypoxic perfused lung (Po2 = 34.9 mmHg). This may
be due, in part, to the fact that the magnitude of lipid synthesis in the
lung is comparatively lower than that in adipose or liver tissue, and would
not require large energy expenditures during a hypoxic stress. Moreover 1.5h
hypoxic perfused lungs significantly increase glycolysis (unpublished obser-
vations) and resulting reducing equivalents may be sufficient to maintain
lipid synthesis at these hypoxic levels as seen in table 1. Newman and Naimark (l6€
observed that palmitate incorporation into lung phospholipids was decreased
in vivo when animals were made hypoxic by breathing 9% 0, for 1 hr. The

disparity between these findings and the present study are due more to in vitro

versus in vivo effects than to differences in either manner of exposurt or
to the level of hypoxia. In vivo hypoxia alters other parameters such as
blood flow and pll which are known to affect tissue response to 0, tension (17, 18).
In the perfused lung preparation such conditions are maintained and hence
direct effects of hypoxia alone do not appear to be rate limiting for lipid
synthesis.

The lung has been shown to have a large number of glucocorticoid receptor
sites (19, 20). The function of these sites is not fully understood in the

adult lung. One action of glucocorticoids in other lipogenic organs is to




block glucose entry into cells and depress lipid synthesis (21). The addition

of 10-5 M corticosterone to the circulating medium did not significantly af-
fect glucose incorporation into phospholipid in the perfused lung. The lack
of an effect may be due, in part, to the fact that the 1.5h perfusion time

was not sufficient to demonstrate a hormonal effect (22).

i
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H. Effect of acute hypoxia (24h) on lung cyclic nucleotides

Recent evidence suggests that adenosine 3', 5' - monophosphate (cAMP

fexel

and guanosine 3*, S'

{ A
{

- monophosphate (cCMP) levels are potentially important
in the rcgulation of lipid mctubolisﬁ, contraction of smooth muscle in blood
vessels and sirways and tissue growth (1, 2, 3). Since hypoxia is known to
affect all of these parameters (4-6), we investigated thc.ultcrutions in
cyclic nucleotide levels in lung following hypoxic exposure. Cyclic nucleo-
tides were also examined in liver tissuc to evaluate comparatively with lung,
B ik

and with fasting, since food intake is substantially rcduced in rats during

hypoxic exposures (7). |

METHODS

Male Long Evans Hooded rats weighing 250-300 g were exposcd to 24h f
hypobariec hypoxia in an altitude chamber at 7,193 meters (23,600 feet:
PE = 280 mmHg). Rate of ascent and descent was 1000 feet - min . The
level of hypoxia was chosen to simulate clinical and altitude conditions as
well as to correlate with previous experiments on the cffects of hypoxia,
performed in this laboratory (8). All animals received water ad libitum
and the hypoxic group was food deprived for the 24h period. At the appro-
priate times animals were removed from the altitude chamber and Killed within
15 min. by decapitation. Tissues were quickly removed, frecze clamped in
liquid nitrogen and stored at -76°C until assayed. Forty mg of the frozen
tissuc were homogenized in 2ml of 6% trichlorocacetic acid, centrifuged
(2000xg) and the supernatant extracted with cthyl cther saturated with water.
The aqueous portion was dried under nitrogen on a 60-70°C steam bath,
resuspended in 2-4ml of 0.05 M sodium acctate (pH 6.2) and assayed for cyclic
nucleotides using radioimmunoassay kits (9). Statistical analyses were

carried out using Student's t tests (10).




No differences in lung dry:wet ratios were observed between hypoxic
exposcd animals and controls, indicating that little edema was present fol-
lowing acute hypoxic stress in rat luﬁg. Lung and liver cyclic nucleotide
levels arc shown in Table I. In contrast to liver (fed ad 1ib condition)
lung contains higher endogenous cAMP and cCMP levels. Acute hypoxia
resulted in a significant (P < 0.025) decrease in cAMP while liver cAMP was
unaltered. Cyclic GMP for both tissues was not affected by hypoxia. These
data indicate that acute hypoxic stress has a selective action in decrcasing
lung cAMP.

Although a 24 hr fast did not markedly alter cyclic nucleotide levels,
a 72 hr fast resulted in a 3-fold increase in lung cAMP while liver cAMP
increased 8-fold. In both liver and lung, cGMP was unaltered. Although
not shown, lung glycogen was unaffected by the 72 hr fast, whercas liver
showed a 40-fold decreasc in glycogen content, consistent with carly studies
(11, 8). These data emphasize the importance of the nutritional status of
the animal on endogenous cyclic nuclecotide levels and indicate that the
prefercntial decrease in cAMP seen with hypoxic exposure cannot be explained
as an effect due to anorexia. It is interesting to note that epinephrine
will increase cAMP levels and that any stress, including starvation, nuy
increase epincphrine and lead to elevated levels of cAMP. Thus, it is not
clear at this time if the stress of food deprivation is the critical factor
in stimulating cAMP levels. Nevertheless, nutritional stress appears to
have a separate and distinet action on cAMP than scen with hypobaric hypoxic

SEYess.
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The association of decreased cAMP levels or decrecased cAMP - cGMP ratios

with vasoconstriction and tissue growth indicate that alterations of éyclic
nucleotide levels may be of functional significance in the hypoxic lung.
Constriction of vascular smooth muscle associated with a decrease in cAMP/
cGMP ratio has been reported by others (12). Hypoxia is known to cause pul-
nonary vasoconstriction. This raises the question of whether the decrease

in cAMP observed in our investigation may serve as an underlying mechanism
for the hypoxic pressor respouse (increase in mean pulmonary arterial pressure).
Somewhat surprising was that cGMP was not eclevated with hypoxia since

prostaglandin (PG) F - like substances have been shown to be relecased

24
with hypoxia (13), and Vaughan and co-workers (14) have shown that cGMP
plays an important role in regulating PG synthesis and reclease. Whether
cGMP is linked to PG F2 in lung remains to be determined.

a

An additional observation is that decreased levels of ¢f
associated with tissue growth and clevation of cAMP associated with its
suppression (15). In lung, where growth is increased with hypoxia, therec
is a decrease in cAMP, whereas in liver in which no such growth occurs, the
cAMP levels arc unchanged.

Since the lung i1s a heterogeneous organ comprised of at least 38
different cell types it should be noted that changes in tissue cyclic
nuclcotide levels may not totally rcflect the response of any particular
function or any specific cell type. Although the present study does not

delineate the functional role of lung cyclic nucleotides it does provide

fundamental information concerning changes in their levels during altered

physiologic states.
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In summary, rats, food deprived and exposed to hypobaric hypoxia (7,193

meters or 23,600 feet) for 24 hr, showed a significant decrease in lung

adenosine 3', 5'

- monophosphate (cAMP). Lung guanosine 3', 5' - monophos-
phate (cGMP) was unaltered as well as liver cAMP and cGMP. 1In contrast,
rats fasted for 72 hr showed a significant 3-fold increase in lung cAMP

and 8-fold increase in liver cAMP. Endogenous cGMP for both tissues was
unchanged by a 72 hr fast. These data indicate that acute hypoxic stress

has a selective action in decreasing lung cAMP and that this eflect is not

related to anorexia.
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of Documents, Government Printing Office, Washington, D. C. 20402. The 1972
edition of the Guide was prepared by the Center under contract to the Office of
Air Programs of the Environmental Protection Agency and is also available from the
Superintendent of Documents.

HANDBOOK OF EFFECTS ASSESSMENT: VEGETATION DAMAGE was published in 1969.
It describes in detail the many various sources of pollution and the effect of these
pollutants on vegetation. Included are color slides depicting the characteristic
symptoms of plant damage. This publication went into its second printing in 1974
and is available through the Center for Air Environment Studies.

Further information regarding orders for the above publications may be
obtained from: Information Services, Center for Air Environment Studies, The
Pennsylvania State University, 226 Fenske Laboratory, University Park, Pennsylvania
16802. Lists of other Center for Air Environment Studies Publications are avail-
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