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THE HARVEY SOCIETY 
A SOCIETY FOR THE DIFFUSION OF KNOWLEDGE 

OF THE MEDICAL SCIENCES 

CONSTITUTION 

I 

This Society shall be named the Harvey Society. 

II 

The object of this Society shall be the diffusion of scientific 
knowledge in selected chapters in anatomy, physiology, pathol¬ 
ogy, bacteriology, pharmacology, and physiological and patholog¬ 
ical chemistry, through the medium of public lectures by men 
who are workers in the subjects presented. 

III 

The members of the Society shall constitute three classes: 
Active, Associate, and Honorary members. Active members shall 
be laboratory workers in the medical or biological sciences, resid¬ 
ing in the City of New York, who have personally contributed 
to the advancement of these sciences. Associate members shall 
be meritorious physicans who are in sympathy with the objects 
of the Society, residing in the City of New York. Members who 
leave New York to reside elsewhere may retain their membership. 
Honorary members shall be those who have delivered lectures 
before the Society and who are neither Active nor Associate mem¬ 
bers. Associate and Honorary members shall not be eligible to 
office, nor shall they be entitled to a vote. 

Members shall be elected by ballot. They shall be nominated 
to the Executive Committee and the names of the nominees shall 
accompany the notice of the meeting at which the vote for their 
election will be taken. 
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8 CONSTITUTION 

IV 

The management of the Society shall be vested in an Executive 
Committee to consist of a President, a Vice-President, a Secre¬ 
tary, a Treasurer, and three other members, these officers to be 
elected by ballot at each annual meeting of the Society to serve 
one year. 

V 

The Annual Meeting of the Society shall be held at a stated 
date in January of each year at a time and place to be deter¬ 
mined by the Executive Committee. Special meetings may be 
held at such times and places as the Executive Committee may 
determine. At all meetings ten members shall constitute a 
quorum. 

VI 

Changes in the Constitution may be made at any meeting of 
the Sociely by a majority vote of those present after previous 
notification to the members in writing. 
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Db. Colin M. MacLeod 
Db. John MacLeod 
Db. Philip D. McMasteb 
Db. Wabd J. MacNeal 
Db. T. P. Magill 
Db. John Maieb 
Db. Hubebt Mann 
Db. Andbew a. Mabchetti 
Dr. David Marine 
Dr. Douglas A. Mabsland 
Db. Henbt E. Meleny 
Db. Donald B. Melville 
Db. Katharine Mebritt 
Db. Fred A. Mettles 
Db. Adolf Meyer 
Db. Eabl Meyeb 
Db. G. Burroughs Mideb 
Db. a. T. Milhorat 
Db. David K. Miller 
Db. Edgab G. Miller, Jr. 
Db. Gail L. Miller 
Db. George S. Mirice 
Db. Alfred E. Mibsky 
Db. Walter Modell 
Dr. H. C. Moloy 
Dr. Dan H. Moore 
Db. Nobman S. Moobe 
Db. Richmond L. Moore 
Db. Robert A. Moobe 
Db. Isabel M. Morgan 

Db. C. V. MoBRUiL 
Db. Harry Most 
Db. R. S. Muckenfuss 
Db. Stuart Mudd 
Db. Otto H. MtiLLEB 
Dr. John H. Mulholland 
Db. M. G. Mulinos 
Db. J. R. Mublin 
Db. James B. Murphy 
Db. Henry A. Mubray, Jb. 
Db. Carl Muschenheim 
Db. Harry Stoll Mustard 
Db. V. C. Myebs 
Db. David D. Nachmansohn 
Db. Ralph W. Nauss 
Db. James Neill 
Dr. Charles Neumann 
Db. Isaac Neuwibth 
Miss Eleanor B. Newton 
Db. Frederic M. Nicholson 
Db. John L. Nickerson 
Dr. Claba Nigg 
Db. Ross Nigbelli 
Db. G. j. Noback 
Db. W. C. Noble 
Db. Jos£ F. Nonidez 
Db. John H. Northrop 
Db. Jose B. Odobiz 
Db. Charles T. Olcott 

Db. Peter K. Outskt 
Db. Wade W. Olivbb 
Db. Eugene L. Opie 
Db. B. S. Oppenhehosb 
Dr. Marion Osteshout 
Db. Reuben Ottbnbbbg 
Db. M. D. Ovebholseb 
Db. Ibvine H. Page- 
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De. Beryl H. Paige 

Db. Elizabeth E. Painter 

Dr. a. H. Palmer 

Db. Walter W. Palmer 

Dr. George W. Papanicolaou 

Dr. a. M. Pappenheimer 

Dr. a. M. Pappenheimer, Jr. 

Db. John R. Pappenheimer 

Db. Raymond C. Parker 

Db. Robert J. Parsons 

Db. John B. Pastore 

Dr. Arthur J. Patek, Jr. 

Dr. John M. Pearce 

Dr. Louise Pearce 

Db. E. j. Pellini 

Db. George A. Perera 

Dr. Eli Perlman 

Db. j. P. Peters 

Db. Robert A. Phillips 

Db. E. G. Pickels 

Dr. Margaret Pittman 

Db. Robert F. Pitts 

Dr. Harry Plotz 

Db. Norman H. Plummer 

Db. Tracy Jackson Putnam 

Db. Edith M. Quimby 

Db. G. W. Rake 
Db. Morris L. Rakieten 

Dr. Elaine P. Ralu 

Db. Willard C. Rappleye 

Db. Bret Ratneb 

Db. Sarah Ratneb 

Db. Bronson S. Rat 

Dr. Jules Redish 

Db. L. C. Reid 
Db. Thomas A. C. Rennie 

Db. S. R. M. Reynolds 

Db. Paul Reznikopp 

Dr. C. P. Rhoads 

Db. a. N. Richards 

Db. D. W. Richards 

Db. Henry B. Richardson 

Db. Maurice N. Richter 

Dr. Oscar Riddle 

Dr. a. I. Ringer 

Db. Thomas M. Rivers 

Db. j. N. Robinson 

Dr. William M. Rogers 

Dr. G. L. Rohdenbubg 

Dr. Ida Pauline Rolp 

Dr. Walter S. Root 

Dr. Paul D. Rosahn 

Dr. a. R. Rose 
Db. Harry H. Rose 

Dr. Theodor Rosebuby 

Db. Nathan Rosenthal 

Dr. Victor Ross 

Db. Sidney Rothbard 

Dr. Peyton Rous 

Dr. Wilpbed P. Ruggiero 

Db. Roberts Rugh 

Db. David D. Rutstein 

Db. a. B. Sabin 

Db. Florence R. Sabin 

Db. William Salant 

Dr. Harald a. Salvesen 

Db. George Saslow 

Db. W. a. Sawyer 

Db. R. Walter Schlesinqeb 

Db. Howard A. Schneideb 

Db. Henry A. Schboideb 

Db. B. L. Scott 

Db. T. F. MoNaib Scott 

Db. John Souddeb 
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Db. Bbatrice C. Skeoaij 

Db. David Seegal 

Db. Bwau) Selkuet 

Db. Milton J. E. Senn 

Db. Auba E. Sevbinqhaus 

Db. Robebt E. Shank 

Db. James A. Shannon 

Db. T. Shedlovskt 

Db. David Shemin 

Db. Gerald Shiblet 

Db. Ephraim Shobb 

Db. Gregory Shwabtzman 

Db. Morris Siegel 

Db. Henry S. Simms 

Dr. Joseph E. Smadel 

Db. George E. Smelsbb 

Dr. Hans Smetana 

Db. W. G. Smilue 

Db. Homer W. Smith 

Db. Philip E. Smith 

Db. Kenneth C. Smithbubn 

Db. John C. Snydeb 

Db. Habby Sobotea 

Dr. Francis Speeb 

Db. Wabben M. Spebby 

Db. W. C. Stadie 

Db. Henbicus Standeb 

Db. Ernest L. Stebbins 

Db. J. Murray Steele 

Db. De Witt Stetten, Jb. 

Db. Fred W. Stewart 

Db. Habold j. Stewabt 

Db. Walter A. Stewabt 

Db. Edgar Stillman 

Db. E. G. Stillman 

Db. Ralph G. Stillman 

Db. C. Chester Stock 

Db. Arthur P. Stout 

Db. I. Strauss 

Db. William E. Studdifobd 

Db. John Y. Sugg 

Db. Willum H. Summerson 

Db. W. D. Sutlipp 

Db. P. C. Swenson 

Db. Homeb F. SwiPT 

Db. Jebome T. Syvebton 

Db. L. James Talbot 

Db. Howard Taylor 

Db. Richard M. Taylob 

Db. Harold L. Temple 

Db. Edward E. Tebbell 

Db. William Thalhimer 

Db. Max Theileb 

Db. Evan W. Thomas 

Db. Giles W. Thomas 

Db. Lewis Thomas 

Db. Richabd Thompson 

Db. William P. Thompson 

Db. Phillips Thygeson 

Db. William S. Tillett 

Db. Herbert F. Tbaut 

Db. Janet Travell 

Db. Henry P. Tbbppebs 

Db. R. C. Tbuex 

Db. Dan Tucker 

Db. Joseph C. Turner 

Db. Kenneth B. Turner 

Db. Reuben Tubneb 

Db. Thomas B. Tubneb 

Db. Eduabo Uhi^huth 

Db. C. D. Van Cleave 
Db. D. D. Van Slykb 
Db. W. F. Vebwby 
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Dr. Karl Vogel 

Dr. Wm. C. Von Glahn 

Dr. Augustus Wadsworth 

Dr. Heinrich B. Waelsch 

Dr. G. B. Wallace 

Dr. Bettina Warburg 

Dr. Charles 0. Warren, Jr. 

Dr. Robert P. Watson 

Dr. Alice M. Waterhouse 

Dr. Bruce Webster 

Dr. Leslie T. Webster 

Dr. a. Ashlet Weech 

Mrs. Julu T. Weld 

Dr. William H. Welker 

Dr. Sidney C. Werner 

Dr. Randolph West 

Dr. George W. Wheeler 

Dr. Loring Whitman 

Dr. C. Wible 

Dr. Carl J. Wiggers 

Dr. Sigmund L. Wilens 

Dr. H. B. Williams 

Dr. Armine T. Wilson 

Dr. 0. P. WiNTERSTEINER 

Dr. WnjiiAM H. Woglom 

Dr. Abner Wolf 

Dr. George A. Wolf 

Dr. Harold G. Wolff 

Dr. D. Wayne Woolley 

Dr. S. Bernard Wortis 

Dr. P. Howell Wright 

Dr. Ralph W. G. Wyckoff 

Dr. Weluam E. Youland 

Dr. Chester L. Yntema 

Dr. James E. Ziegler, Jr. 

Dr. Raymond L. Zwemer 
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Db. T. J. Abbott 

Db. H. L. AliEXANDEB 

Db. a. F. Andebson 

Db. "Waltee P. Andeeton 

Db. James W. Babcock 

Db. Horace S. Baldwin 

Db. Clarence G. Bandleb 

Db. Alvan L. Babach 

Db. F. H. Bartlett 

Db. Fenwick Beekman 

Db. Conbad Bebens 

Db. a. a. Beeg 

Db. S. E. Blatteis 

Db. George Blumeb 

Dr. Ernst P. Boas 

Db. Charles F. Bolduan 

Db. a. Bookman 

Db. Samuel Bradbury 

Db. Eichabd Bbickneb 

Dr. George E. Brighton 

Db. Samuel A. Brown 

Db. Jacob Bucksteen 

Db. Henry G. Bugbee 

Db. Jesse G. M. Bullowa 

Db. E. a. Bubkhabdt 

Db. George F. Cahill 

Db. W. E. Caldwell 

Db. John Cabboll 

Db. L. Casamajob 

Db. Arthur F. Chaoe 

Db. H. T. Chickering 

Db. C. GAmiNEB Child 

Db. Clement B. P. Cobb 

Db. Martin Cohen 

Dr. L. G. Cole 

Db. Charles F. Collins 

Db. Nelson W. Cornell 

Dr. Leon H. Cornwall 

Db. James A. Corscaden 

Db. Stuart L. Craig 

Db. B. B. Crohn 

Db. Edward Cussleb 

Db. Willlam Darbach 

Db. Joseph S. Diamond 

Db. Paul A. Dinieen 

Db. Blake F. Donaldson 

Db. Phebe L. DuBok 

Db. Theodore Dunham 

Db. Henry Dunning 

Db. John H. Dunnington 

Db. Max Einhobn 

Db. C. a. Elsberg 

Db. Albert A. Epstein 

Db. Evan M. Evans 

Db. Saul Fisheb 

Db. Eowland G. Freeman 

Db. E. D. Friedman 

Db. Lewis F. Frissell 

Db. William A. Gardner 

Db. John C. A. Gebsteb 

Db. Malcolm Goodbidge 

Db. J. a. Clinton Gray 

Db. N. W. Green 

Db. H. V. Guile 

Db. Connie M. Guion 

Db. Bobebt H. Haihey 

Db. John M. Haneohd 
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Db. Kristian C. Hansson 

Db. T. Stuabt Habt 

Db. Edwin R. Hauser 

Db. Louis Hausman 

Db. Royal S. Haynes 

Db. W. W. Hebrick 

Db. J. a. W. Hetrick 

Db. C. Gordon Heyd 

Db. 0. S. Hillman 

Db. Thomas I. Hoen 

Db. Arthur L. Holland 

Db. Evelyn Holt 

Db. Hubert S. Howe 

Db. J. Taylor Howell, Jb. 

Db. Harold T. Hyman 

Db. H. M. Imboden 

Db. Benjamin Jablons 

Db. Ralph Jacoby 

Db. Henry S. James 

Db. Jacob Kaufmann 

Db. F. L. Eeays 

Dr. Foster Kennedy 

Db. C. G. Kerley 

Db. Joseph E. J. Kino 

Db. R. a. Kinsella 

Db. D. B. Kirby 

Db. Percy Kungenstein 

Db. Arnold Knapp 

Db. Jebome L. Kohn 

Db. Milton Lubib Kramer 

Db. Michael Lake 

Db. Albert R. Lamb 

Db. Aobian V. S. Lambert 

Db. Ernest W. Lampe 

Db. Louis Lanoman 

Db. Boleslaw Lapowski 

Db. Maurice Lenz 

Db. Jerome S. Leopold 

Db. George M. Lewis 

Db. Richard Lewisohn 

Db. Asa L. Lincoln 

Db. Edith M. Lincoln 

Db. Edward M. Livingston 

Db. Isabel M. London 

Dr. Kenneth McAlpin 

Db. Marsh McCall 

Db. j. F. McGrath 

Db. Thomas T. Mackie 

Db. Robert B. McKittbick 

Db. Edward S. McSweeny 

Db. George Mannheimeb 

Db. Henry E. Marks 

Db. Kirby Martin 

Dr. Walton Martin 

Dr. Arthur M. Master 

Db. Edward Mayeb 

Db. Victor Meltzeb 

Db. Alfred Meyeb 

Db. Michael Micailovsky 

Db. John A. P. Millet 

Db. Sylvan E. Moolten 

Db. Eli Moschco-witz 

Db. Clay Ray Murray 

Db. N. R. Norton 

Db. Theodore W. Oppel 

Db. Arthur Palmer 

Db. Gene Papps 

Db. W. B. Parsons 

Db. Marshall C. Pease, Jb. 
Dr. James Pedebsen 

Db. E. Cooper Person 

Db. Eugene H. Pool 

Db. Francis M. Raceemann 

Db. John H. Riohabdb 
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Dr. John L. Hiker 

Dr. E. S. Rimer 

Dr. Lewis Byrne Robinson 

Dr. J. C. Roper 

Dr. George H. Ryder 

Dr. F. B. St. John 

Dr. Wm. P. St. Lawrence 

Dr. Benjamin Sadzer 

Dr. B. J. Sanger 

Dr. Herbert W. Schmitz 

Dr. H. j. Schwartz 

Dr. L. L. Shapiro 

Dr. Howard F. Shattuck 

Dr. Beverly Smith 

Dr. M. Deforest Smith 

Dr. F. P. SoujEY 
Dr. j. Bentley Squier, Jr. 

Dr. Dudley D. Stetson 

Dr. Leo Stieglitz 

Dr. Philip Stimson 

Dr. Byron Stookby 

Dr. John E. Sutton, Jr. 

Dr. Edward Tolstoi 

Dr. Harry E. Ungerleider 

Dr. F. T. Van Beuren, Jr. 

Dr. Philip Van Inqen 

Dr. H. N. VermhjYB 

Dr. Wilbur Ward 

Dr. B. P. Watson 

Dr. Jerome P. Webster 

Dr. Davenport West 

Dr. Charles H. Wheeler 

Dr. Herbert J. Wiener 

Dr. Herbert B. Wilcox 

Dr. Margaret B. Wilson 

Dr. Philip D. Wilson 

Dr. Dan H. Witt 

Dr. I. Ogden Woodruff 

Dr. a. M. Wright 

Dr. Frederic D. Zeman 





HONORARY MEMBERS 
Db. Bogbr Adams 

Db. Thomas Addis 

Peop. E. D. Adbian 

Db. FuIiLbb Albbight 

Peop. Pbanz Ausxandeb 

Peop. J. F. Andeeson 

Db. E. J. Andeeson 

Peop. G. V. Aneep 

Db. ChabiiEs Abmsteono 

Peop. Leon Ashee 

Db. Edwin B. Astwood 

Peop. Joseph C. Aub 

Db. E. R. Baldwin 

Peop. Joseph Babceopt 

Db. Philip Babd 

Peop. Julius Baueb 

De. Geoegb ‘Wells Beadle 

De. Albeet R. Behnee 

Peop. F. G. Benedict 

Peop. R. R. Bbnslet 

De. Max Beeomann 

De. Ghaeles H. Best 

Peop. Aetue Biedl 

Peop. Waltee R. Blooe 

Peop. Jules Bobdet 

Peop. Willum T. Bovib 

Peop. Detlev W. Bbonk 

Peop. B. Bbouweb 

Peop. W. B. Cannon 

Peop. A. J. Cablson 

Db. Wm. Boswobth Castle 

Peop. W. B. Castle 

Peop. Alan M. Chesnet 

Peop. C. M. Chiu> 

Peop. R. H. Chittenden 

Peop. H. A. Cheistian 

Peop. W. Manspield Claek 

De. Samuel W. Clausen 

Db. Edwin J. Cohn 

Peop. J. B. Collip 

Peop. Edgae L. Colus 

Peop. James B. Conant 

Peop. E. G. Conklin 

Peop. Cabl F. Coei 

Peop. Geobge W. Cobneb 

Peop. E. V. Cowdey 

Peop. S. J. Ceowe 

Sib Henby Dale 

De. I. deBuegh Daly 

De. C. H. Danpobth 

Peop. A. R. Dochez 

De. B. C. Dodds 

Peop. B. A. Doisy 

Db. Cecil K. Dbinkeb 

Peop. J. C. Dbummond 

Db. Louis I. Dublin 

De. L. C. Dunn 

Db. R. E. Dyeb 

Peop. David L. Edsall 

Db. C. a. Elvbhjem 

Peop. Joseph Eblangeb 

De. Eael a. Evans, Jb. 

Pbop. Hebbebt M. Evans 

Peop. Knud Fabeb 

Peop. William Falta 

Peop. Wallace O. Fenn 

De. Hebmann O. L. Fischeb 

Db. Edwabd Fbancis 
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Prof. John Parquhar Pulton 

Dr. Eugene M. E. Geiung 

Dr. HaRRT GoiiDBIiATT 

Prop. E. W. Goodpasture 

Prof. Evarts A. Graham 

Prop. Ross G. Harrison 

Dr. H. Kbffer Habtlinb 

Dr. E. Newton Harvey 

Prop. Ludwig Hektoen 

Prop. P. d^Herelle 

Prop. James B. Herrioe 

Prop. A. V. Hill 

Sir P. GtOwland Hopkins 

Dr. B. a. Houssat 

Prof. W. H. Howell 

Prof. A. C. Ivy 

Prop. Merkel H. Jacobs 

Prop. H. S. Jennings 

Prop. E. P. Joslin 

Dr. E. C. Kendall 

Prop. Otto Kestner 

Prop. Pranz Knoop 

Dr. P. C. Koch 

Prop. Wilhelm Kolle 

Prop. August Krogh 

Dr. L. 0. Kunkel 

Dr. Eugene M. Landis 

Prop. K. S. Lashley 

Prop. J. B. Leathes 

Prop. C. Lbvaditi 

Dr. Howard B. Lewis 

Sm Thomas Lewis 

Dr. Warren H. Lewis 

Prop. K. Linderstr^m-Lang 

Dr. Karl Paul Link 

Dr. C. C. Little 

Dr. Leo Loeb 

Prop. Otto Loewi 

Prop. E. S. London 

Dr. C. N. H. Long 

Prop. Esmond R. Long 

Dr. Einar Lundsgaard 

Prop. E. V. McCollum 

Prop. William deB. MacNideb 

Dr. Thorvald Madsen 

Prop. A. Magnus-Levy 

Dr. Prank C. Mann 

Dr. Guy P. Marrian 

Prof. E. K. Marshall, Jr. 

Dr. Walter J. Meek 

Dr. K. P. Meyer 

Prop. Otto Meyerhof 

Prop. Leonor Michaeus 

Prop. George R. Minot 

Dr. T. H. Morgan 

Dr. j. Howard Mueller 

Prof. Priedrich von MtiLLER 

Prop. Pelix R. Nager 

Prop. Peed Neupeld 

Sir Arthur Newsholmb 

Prop. Karl von Noorden 

Dr. Pred G. Novt 

Dr. John W. Olephant 

Dr. Jean Ouver 

Dr. W. j. V. OSTERHOUT 

Dr. Edwards A. Park 

Prop. G. H. Parker 

Dr. John R. Paul 

Dr. Wilder Penpield 

Prop. Ernest P. Pick 

Prop. Ludwig Pick 

Prop. A. Polioard 

Prop. W. T. Portbb 
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Dr. Curt P. Richter 

Dr. WiiiiirAM J. Robbins 

Dr. 0. H. Robertson 

Prof. Wilijam Gumming Rose 

Prop. M. J. Rosenau 

Dr. P. j. W. Rouohton 

Col. P. P. Russell 

Prop. Bela Schick 

Prop. Oscar M. Schloss 

Dr. Prancis 0. Schmitt 

Dr. William H. Sebrell 

Prop. Philip A. Shaffer 

Prop. BDenrt C. Sherman 

Dr. Richard E. Shope 

Dr. Carl C. Speidel 

Dr. Wendell M. Stanley 

Prop. Walther Straub 

Dr. George L. Streeter 

Prop. Richard P. Strong 

Prop. W. W. Swingle 

Prop. V. P. Stdenstrickbr 

Prop. Albert Szent-Gt6rgti 

Prop. W. H. Taliaferro 

Prop. A. E. Taylor 

Dr. Arne Tiseuus 

Dr. Carl Voegtlin 

Dr. Selman a. Waksman 

Dr. Joseph T. Wearn 

Prof. J. Clarence Webster 

Prop. George H. Whipple 

Dr. Eugene R. Whitemore 

Prop. Edwhn Bidwell Wilson 

Prop. J. Gordon Wilson 

Dr. William F. Windle 

Prop. S. B. Wolbach 

Prop. R. T. Woodyatt 

Sir Almroth E. Wright 

Prop. Robert M. Yerkes 





DECEASED MEMBERS 

John J. Abel* 

ISIDOR AbR&HAMSON 

J. G. Adami* 

Isaac AoiiBR 

F. H. AliBEB 

SAMUEIi AliEXANDER 

CARIi L. AliSBERG* 

W. B. Anderton 

Dr. Ludwig Aschoff* 

R. T. Atkins 

Harou) C. Baiuet 

Pearce Ratt.p.t 

Bouton Bangs 

LewelijTS F. Barker* 

Wm. M. Batuss* 

W. W. Beattie 

Carl Beck 

Edwin Beer 

S. R. Benedict* 

Max Bergmann 

Hermann M. Biggs 

Richard Walker Bolling 

J. B. Borden 

David Bovaibd 

A. Braslau 

S. M. Brickner 

Nathan E. BmiiL 

T. G. Brodie* 

Harlow Brooks 

F. Tilden. Brown 

Wade H. Brown 

Joseph D. Bryant 

Frederick C. Bullock 

Claude A. Burrbtt 

* Honorarj memben. 

Glentworth R. Butler 

Albert Calmette* 

Wm. F. Campbell 

Alexis Carrel 

Herbert S. Carter 

Charles V. Chapin* 

Hans Chiari* 

John W. Churchman 

F. Morris Class 

Pol. N. Cortllos 

W. T. Councilman* 

Edwin B. Cragin 

Floyd M. Crandall 

G. W. Chary 

G. W. Chile* 

Glenn E. Cullen 

John G. Curtis 

Harvey Cushing* 

Arthur R. Cushny* 

C. B. Davenport* 

Smith O. Dexter, Jr. 

Henry H. Donaldson* 

W. K. Draper 

Georges Dreyer* 

Alexander Duane 

Edward K. Dunham* 

C. B. Dunlap 

E. M. East* 
Willem Einthoven* 

Samuel M. Evans 

James Ewing 

Maurice Fishberg 

Austin Flint 

Rolfe Floyd 
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Otto Foun* 

EujEN B. Foot 

John A. Fokdtce* 

Nellis B. Foster* 

Joseph Fbaenkel 

Webb Freundenthal 

Wolff Freundenthal 

H. Dawson Fdrniss 

C. Z. Garside 

F. L. Gates 

F. P. Gat 

H. K. Gbtelin 

S. S. Goldwater 

Frederic Goodridoe 

Menas S. Gregory 

Louis Gross 

Emil Gruening 

J. S. Haldane* 

William S. Halstead* 

H. J. Hamburger* 

William Hardy* 

Frank Hartley 

Robert A. Hatcher 

H. A. Haubold 

James A. Hawkins 

Sven G. Hedin* 

Db. L. j. Henderson* 

Yandell Henderson* 

Christian A. Hebteb* 

AiiFRED F. Hess* 

Philip Hanson Hiss* 

August Hooh 

Eugene Hodenpyl 

A. W. Hollis 

John Howland* 

G. Carl Huber* 

* Honorary members. 

John H. Huddleston 

G. S. Huntington* 

Leopold Jaches 

Holmes C. Jackson 

Abraham Jacobi 

George W. Jacoby 

A. G. Jacques 

Walter B. James 

Edward G. Janbwat 

H. H. Janewat 

Theodore C. Janeway* 

Joseph Jastrow* 

William C. Johnson 

E. O. Jordan* 

Don R. Joseph 

Louis A. Julianelle 

Frederick Kammeber 

Ludwig EIasi 

Leo Kessel 

Ben Witt Key 

E. L. Keyes 

George King 

Francis P. Kinnicutt 

Herbert M. Klein 

Walter C. Klotz 

Hermann Knapp 

Albert Kossel* 

Arthur F. Kbaetzeb 

Db. Allen K. Krause* 

Charles Kbumwiedb 

Alexander LAMirasBT 

S. W. Lambert 

Gustav Langmann 

Burton J. Lee 

Frederic S. Lee* 

Egbert LeF^vba 
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P. A. Levenb 

Chables H. Lewis 

Paul A. Lewis* 

Wbat Lloyd 

Jacques Loeb* 

A. S. Loevenhart* 

Rat R. Loset 

Graham Lusk* 

Sigmund Lustgarten 

A. B. Macallum* 

W. Q. MacCallum 

Hunter McAlpin 

Charles McBurnet 

Earl B. McKinley 

J. J. R. Macleod* 

George McNaughton 

P. B. Mallory* 

A. R. Mandel 

John A. Mandel 

P. S. Mandlebaum 

Morris Manges 

W. B. Marple 

W. McKim Marriott* 

Prank S. Meaba 

S. J. Meltzer* 

Lafayette B. Mendel* 

Hans Horst Meter* 

George N. Miller 

WiLLUM Snow Miller* 

Charles S. Minot* 

S. Weir Mitchell* 

A. V. Moschcowitz 

Abraham Moss 

John P. Munn 

James P. Nagle 

Sellust Nbuhof 

* Honorary members. 

Walter L. Nhbs 

Charles V. Noback 

Hideto NoGucm* 

Van Horne Norrie 

Charles Norris 

G. H. P. Nuttall* 

Prancis W. 0 ’Connor 

Henry P. Osborn* 

T. B. Osborne* 

William H. Park 

Stewart Paton 

P. W. Peabody* 

Richard Pearce* 

Raymond Pearl* 

Charles H. Peck 

David Perla 

Prederick Peterson 

Clemens Pirquet* 

Godfrey R. Pisek 

G. R. Pogue 

WiLLUM M. Polk 

Sigmund Polutzer 

Nathaniel B. Potter 

T. M. Prudden 

J. J. Putnam* 

Edward Quintard 

C. C. Ransom 

S. Walter Ranson* 

R. G. Reese 

T. W. Richards* 

Austen Pox Riggs 

Andrew R. Robinson 

Prank H. Robinson 

M. A. Rothschild 

Max Rubner* 

Bernard Sachs 
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T. W. Salmon 

E. F. Sampson 

Harold E. Santee 

Beginald H. Sayre 

Adolph Schmidt* 

Budolph Schoenheimer 

Louis C. Schroeder 

Herman Von W. Schulte 

W. T. Sedowick* 

E. Sharpbt-Schafer* 

■William K. Simpson 

M. J. SlTTENITELD 

A. Alexander Smith 

G. Elliot Smith* 

Theobold Smith* 

B. Garfield Snyder 

S. P. L. SORENSEN* 

P. L. Sorensen* 

H. J. Spencer 

Norbert Stadtmuller 

E. H. Starling* 

Bichard Stein 

Antonio Stella 

J. "W. Stephenson 

George D. Stewart 

G. N. Stewart* 

H. A. Stewart 

C. W. SthiES* 

L. A. Stimson 

C. B. Stockard 

Oscar Teague 

J. db Castro Teixeira 

John S. Thacher 

* Honoraiy members. 

Wm. S. Thayer* 

Allen M. Thomas 

W. Hanna Thompson 

"WisNER B. Townsend 

James D. Trask, Jr. 

Cornelius J. Tyson 
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DECOMPRESSION SICKNESS AND BUBBLE 
FORMATION IN BLOOD AND TISSUES^* 

E. NEWTON HARVEY 

Henry Fairfield Osborn Professor of Biology, 

Princeton University 

INTRODUCTION 

After the last World War, 1914-1918, an editorial in the 
Journal of the American Medical Association, in referring 

to medical aspects of aviation and praising the work that had 
been done to protect aviators against the effects of altitude, 
spoke of the necessity of speed and the ability to climb above an 
opponent. At that time bombing and observation planes flew 
“for hours at altitudes of 12,000 to 15,000 feet’’ while pursuit 
planes attained “the enormous altitude of 18,000 and 20,000 
feet” (1). In the second World War a service ceiling of well 
over 40,000 feet has been attained, a height where even the 
breathing of pure oxygen is not sulBScient to supply the needs of 
the body. Without the protection of a pressurized cabin, man 
has become the limiting factor to high ascent. 

But considerably below 40,000 feet, a series of symptoms have 
been described which cannot be attributed to any one of the three 
common and obvious difficulties at great height: (1) lack of 
oxygen; (2) ear and sinus trouble, due to non-equalization of 
pressure between middle ear (or sinuses) and the external at¬ 
mosphere; (3) intestinal pains, due to the expansion of gas in 
the digestive tract. A fourth group of additional symptoms may 
appear and affect various parts of the body. These range from 
a mild rash or ache to unbearable pain near the joints, from 
tightness in the chest to serious coughing spells and from hyper¬ 
esthesias or anesthesias to convulsions, paralysis and syncope. 

1 Lecture delivered October 26, 1944. 
s Tbe work described in this paper was done under a contract, recom¬ 

mended by the Committee on Medical Besearch, between the Office of Scien¬ 
tific Besearch and Development and Princeton tJniversity. 
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The individual is definitely incapacitated, sometimes seriously. 
Since the symptoms may begin to appear as low as 25,000 feet 
and are marked at 35,000 feet, they limit the altitude at which 
an open plane can be flown, for these heights are well below 
the point (38,000 ft.) at which pure oxygen just begins to fail in 
supplying the retina and brain. Any of the above group of symp¬ 
toms fully described in Armstrong’s (2) classic book on Avia¬ 
tion Medicine, constitute decompression sickness,^ since they re¬ 
sult from decompressing the body from one atmosphere to lower 
values, an analogous change to the return of a person to one at¬ 
mosphere after a previous exposure to compressed air. Decom¬ 
pression sickness may also be applied to the symptoms resulting 
from the latter change, although the older terms, compressed 
air illness or caisson or diver’s disease, have been more frequently 

used. 
In both compression-decompression experiments and in low 

pressure or altitude” experiments, excess gas is dissolved in 
the body. The tissues are saturated at a certain gas pressure, 
producing a similar tension of dissolved gas in the cells and tis¬ 
sues, and then the gas pressure is decreased. The procedure can 
be compared to removing the cap from a soda water bottle or ex¬ 
hausting a tube of water with an air pump. Under certain con¬ 
ditions bubbles will form in both cases. It has long been recog¬ 
nized and appears quite certain that compressed air illness is due 
to bubble formation in blood and tissues. By analogy the symp¬ 
toms at high altitude might also be expected to result from bub¬ 
bles, although the question, until recently, had by no means 
been settled and other theories had been proposed. Indeed, the 

formation of bubbles in animals at low barometric pressures had 
been denied by the father of barometric studies, Paul Bert. 

Early in the organization of the Committee on Medical Re¬ 
search, the division of Aviation Medicine foresaw the seriousness 
of decompression symptoms and established the Subcommittee on 
Decompression Sickness, with Dr. John P. Pulton, of Yale Uni- 

s Armstrong (2) has suggested the word aeroembolism, but this term 
implies unproven ideas about the origin of the symptoms. 
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versity, as able Chairman. The present basic study was under¬ 
taken in order to separate and analyze the fundamental factors 
involved in the formation of bubbles, with special reference to 
the conditions found in animals, and with the purpose of apply¬ 
ing these findings to the aviator. Critical terminal experiments 
can be carried out with animals that cannot be undertaken with 
man. Moreover, the whole problem of bubble formation in liq¬ 
uids was in a little known state at the time this work was started 
in May, 1942. 

Many other groups of investigators have been sponsored by 
this Subcommittee. It is not possible, for security reasons, to 
refer to the vast amount of detailed data collected by these 
groups. The reader is referred to reports that will eventually 
be published, prepared under the direction of the responsible in¬ 
vestigators—^Behnke, Bronk, Blankenhorn and Perris, Evans, 
Pulton, Greeley, Harvey, Hitchcock, Ivy, Jacobs, Knisley, Law¬ 
rence and Hamilton, Scott, Swindle, Whitaker, Blinks and 
Twitty—as well as the many Army and Navy experimental and 
training stations in this country, in Canada and in England. 

It is a pleasure to express here my sincere appreciation of the 
keen interest, fertile ideas and extended experimentation of the 
men who have collaborated on the Princeton project^—Dr. Wm. 
D. McElroy and Mr. A. H. Whiteley, members for the full pe¬ 
riod of the contract, and Dr. D. C. Pease, Dr. 6. H. Warren, Dr. 
K. W. Cooper and Dr. Wm. Kleinberg, part of whose time has 
been devoted to the work. I am also particularly grateful to 
Professor Henry Eyring, of the Chemistry Department, Prince¬ 
ton University, for much helpful discussion, and especially to 
Mr. D. K. Barnes, who has worked out a detailed theory of the 
separation of a gas phase from a liquid and clarified our knowl¬ 
edge of the conditions for stability and growth of gas masses. 

mSTOBY 

Probably the first bubble recorded in animals was that seen 
by Robert Boyle (3) in the eye of a snake which he had placed 

* The results of this work will be published in a series of papers in the 
Journal of CeUvlar and Comparative Physiology for 1944. 
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under his newly invented air pump in 1670. Boyle ^s remarks 
are so pertinent to our subject and so prophetic of what has now 
been realized in aviation that I quote him in full. After describ¬ 
ing an experiment with fresh blood and another with fresh milk 
which boiled vigorously on evacuation with his pneumatical en¬ 
gine, he says: 

Note, that the two foregoing Experiments were made with an Eye cast 

upon the inquiry, that I thought might be made; Whether, and how far 

the destructive operation of our Engin upon the included Animal, might be 

imputed to this, that upon the withdrawing of the Air, besides the removal 

of what the Airs presence contributes to life, the little Bubbles generated 

upon the absence of the Air in the Blood, juices, and soft parts of the 

Body, may by their Vast number, and their conspiring distension, variously 

streighten in some places, and stretch in others, the Vessels, especiaUy the 

smaUer ones, that convey the Blood and Nourishment; and so by choaking 

up some passages, and vitiating the dgure of others, disturb or hinder the 

due circulation of the Blood? Not to mention the pains that such disten¬ 

sions may cause in some Nerves, and membranous parts, which by irritating 

some of them into convulsions may hasten the death of Animals, and de¬ 

stroy them sooner by occasion of that irritation, than they would be de¬ 

stroyed by the bare absence or loss of what the Air is necessary to supply 
them with. And to shew, how this production of Bubbles reaches even to 

very minute parts of the Body, 1 shall add on this occasion (hoping that 

I have not prevented my self on any other) what may seem somewhat 

strange, what I once observed in a Viper, furiously tortured in our Ex¬ 

hausted Beceiver, namely, that it had manifestly a conspicuous Bubble mov¬ 

ing to and fro in the waterish humour of one of its Eyes. 

Although sporadic observations were made after Boyle, real 
knowledge of the effects of varying atmospheric pressures began 
with Paul Bert’s systematic study, published as La pression 
barometrique in 1878 (4). Bert demonstrated the presence of 
bubbles in the blood and tissues of animals after compressed air 
experiments but denied the existence of such bubbles in animals 
exposed to low pressures, although Hoppe (5) in 1857 had pre¬ 
viously reported bubbles to be present in animals at 50 mm. Hg 
(62,000 ft.). To further study the problem, Hill and Green¬ 
wood (6) in 1910 exposed 8 mice, 2 guinea pigs, a cat, a kitten 
and a rabbit to 50 mm. Hg air pressure until the animals died 
and then examined them post-mortem. No bubbles were found 
in any except the rabbit whose heart and large vessels were full 
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of air. They concliuled that in freiieral Paul Bert was rig'ht. 

Aetiially, both Plopj^e and Bert were correet for we now know 

that resting animals at hif>h altitudes rarely develop bubbles but 

if they are exereised with vij>:oroiis mnscde eontraetion, bubbles 

ap])ear in th(‘ blood (piite regularly. These eonfiietinf>' results, as 

well as th(‘ doubts expressed by various workers that bubbles 

ril)pear in blood at altitudes, must be attributed to the chance 

variation in amount of movement takinji* jdace in the animals 

under exp(‘rimentatiou. 

Tlie bad effects of deep diving- have long’ been known but the 

pi‘oblem of illness after exposure to high air pressures became 

particularly inij)ortan1 with the invention in 1840 of the caisson, 

a eompressed air (‘hamber for sinking shafts or tunnels or for 

building piers under watei*. With the ext(‘nded use of this de- 

vi(‘e and the ('ompressed air diving suit in the latter part of the 

last century, diver's or caisson disease became common. A series 

of words were coined by the Avorkers to describe the symptoms. 

Among these the “Inuids,” the ‘‘chokes’’ (or “chokers”), the 

“itch” and the “staggers” are the most picturesque and de¬ 

scribe (juite adequately joint })ains. respiratory difficulties, skin 

eruptions and })aral>’ses. The experieiKH^ from actual flying and 

in high altitude chambers indicates that all the above symptoms 

may also occur. Skiu trouble and nervous affections are leather 

rare but the bends and chokes are frequent and these words have 

become a pci’manent i)art of the scieiitific vocabulary of the 

subject. 

Interest of the British Admiralty in diving led J. S. Haldane 

(7) with Boycott and Damant (8, 9) as well as Leoucird Hill 

(10) to their extensive research in 1906 to 1908 while in the 

United States, beginning in 1935, Behnke (11, 12) and associ¬ 

ates, Shaw, Willmon and Yarborough and Shilling (12a), have 

extended our knowledge, making si>eeial studies of nitrogen 

elimination, fat content and the use of helium for unusually deep 

diving to eliminate the dangers of oxygen poisoning and nitro¬ 

gen narcosis. In Germany the classic contribution of Heller, 

Mager and von Schrotter (13) compiles the facts on diving up to 

1900. 
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The symptoms of caisson disease could be immediately allevi¬ 
ated and a life often saved by recompressing the patient and 
then decompressing more slowly, allowing time for excess gas to 
be removed from the body. Chambers for this purpose were 
first introduced by Sir Ernest Moir about 1890. The increased 
pressure contracts the bubbles and this fact proves that symp¬ 
toms only appear when bubbles reach a certain size. Experience 
at simulated high altitudes likewise indicates that reeompression 
to lower altitudes (even a change from 35,000 to 25,000 feet) will 
also instantly relieve bends and chokes but upon immediate 
reascent the pain will reappear in exactly the same place. 

Such facts lead to the inescapable conclusion that decompres¬ 
sion sickness results from the formation of gas bubbles in the 
body and the multiplicity of symptoms reflects the region in 
which the bubbles grow or lodge. The relief or treatment of de¬ 
compression sickness is an accomplished procedure—immediate 
recompression. Prophylaxis remains to be considered. If bub¬ 
ble formation could be prevented in the body when its tissues are 
supersaturated, bends would cease to be a problem. 

It is obvious that a fundamental study of the conditions under 
which gas will separate from solution is absolutely essential. In 
addition the composition of the gas which forms the bubbles must 
be known and every possible fact that might bear on the problem. 
Consequently, a study of bubble formation has been undertaken 
under the simplest conditions easily attainable, in water sat¬ 
urated with a single gas in a glass vessel. This study has been 
supplemented by investigations of blood in vitro and also in the 
body of narcotized animals, for it is in this fluid, i.e., in the blood 
vessels, that bubbles most frequently occur. The condition may 
be called pompholyhemia and we have used this symptom in our 
study of the cat as an index to evaluate similar procedures which 
might cause or prevent decompression sickness in man. 

BUBBLE FORMATION FROM EXCESS GAS 

Many important principles can be demonstrated with a bottle 
of soda water in which carbon dioxide is dissolved at a tension of 
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3 or 4 atmospheres. If the chilled bottle has remained upright 
and undisturbed for some timfe, no bubbles will form when the 
cap is removed but on tipping the bottle so that soda water flows 
over the dry glass surface bubbles immediately appear, and on 
carefully pouring into a dry tumbler abundant bubbles cling to 
the walls. There may frequently be observed a cliain of bubbles 
arising from a point where a gas mass remains sticking to the 
glass. Sometimes bubbles also arise from a clearly visible dust 
particle in the bulk of the liquid. If the tumbler is greasy, the 
hydro])hobic region will be outlined by abundant bubbles which 
persist until the soda water has lost its excess gas. In fact this 
'^bubble test’’ will tell how thoroughly a tumbler has been 
washed. 

The bubbling and effervescence is all due to minute gas masses 
which stick to the dry walls or to dust particles and grow into 
bubbles as soon as the pressure release occurs. We can prove this 
by gently pouring the soda water into a scrupulously clean and 
wet tumbler, when no bubbles form, except during the first dis¬ 
turbance of the surface due to pouring. If some dry powder, 
such as infusorial earth, is now dropped into the quiet soda 
water the carbon dioxide separates with explosive violence but if 
the infusorial earth has been first boiled in water to remove its 
air films and then placed while wet into the soda water, not a 
single bubble will appear. However, a paraffined surface 
(hydrophobic), no matter how well cleaned, will always bubble 
profusely. 

GAS NUCLEI 

These effects are all due to small gas masses, or gas nuclei, 
which stick to any dirty, especially greasy, surface but not to 
clean wet glass. The sticking of gas is a matter of contact angles, 
which are well seen from the form of bubbles in capillary tubes 
or on surfaces. As shown in Figure 2, a bubble in a glass capil¬ 
lary filled with water has rounded (convex) ends—^the contact 
angle (measured through the water) is zero; in a paraffined 
capillary the gas bubble has concave ends and the contact angle 
is about 108®. Since the form of gas bubbles in blood vessels is 
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similar to that of* water in a jrlass tube, we may eonelude that 
the endotheJinm is, on the average, hydrophilic, an important 
fact for tlie theory of bubble formation. 

On a plane surface the form of bubbles is illustrated in Fijiurc 
1 and the contact angles are clearly visible. On a completely 
hydropliobic surfac'e like *?lass, the zero contact anjile meajis that 
no bubble can stick and no nucleus can remain but with any posi¬ 
tive contact angle nuclei can stick and may be stable under cer¬ 
tain conditions. 

Fig. 1 (left). Photograph of an air bubble under a glass (above) and 
a paraffin surface (below). 

Fig. 2 (right). Photograph of an air bubble in a glass capillary 
(above) and a hydrophobic capillary (below). In the latter the concave 
curvature of the air surface cannot be seen but it is indicated by the fact 
that the transmitted white band of light does not reach the edge of the gas 
cylinder. The air bubble on glass is 1.65 mm. across. 

BUJ3BLE FORMATION PROM NEGA^HVE PRESSURE 

The development of bubbles in a liquid saturated with gas at 
one atfaosphere and under one atmosphere pressure is uncommon 
but a number of examples are known. Such bubble formation is 
due to local decrease in hydrostatic pressure. A most interest¬ 
ing ease was derscribed by Osborne Reynolds (14) at a constric- 
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tion in a pipe. When water flows through a tube which is 
narrowed at one place, the velocity is obviously increased at the 
constriction and, by Bernoulli’s law, the pressure must decrease. 
In addition, violent turbulence and vortices a])pear.‘'‘ If the con¬ 
striction is narrow enough and the velocity sufficient, very low 
pressvires will be produced and the water will suddenly break 
into cavities (cavitation) with a hissing sound. When the cavi¬ 
ties collapse, which they do periodically, as showui in Figure 3, 
bubbles of gas remain and can be seen in the water leaving the 
constriction. Rejmolds called the phenomenon *‘the boiling of 
water in an open tube at ordinary temperature.” Whenever a 
local constriction occurs in a blood vessel, whether from a spasm 
or from passive squeezing between muscles, the pressure must be 
lowered at the constricted point, but it is doubtful if the velocity 
of flow is sufficient to produce Reynolds’ cavitation in the body. 

Another example is the cavitation which appears in water due 
to the passage of intense sound waves, or the bubbles which will 

form in a test tube of water at one atmosphere pressure if the 
bottom is hit a series of blows. Just as sound waves are made up 
of pressure changes, with increased followed by decreased com¬ 

ponents, so the series of blows involve increased followed by de¬ 
creased pressure. A blow (or even vibration) to the human 
body at altitude would tend to bubble formation, but might not 

necessarily actually produce bubbles unless intense. 
Whenever tensions are built up, as when a glass rod immersed 

in water is suddenly withdrawn, or when a propeller blade by 
rotation continually pulls away from the water, cavities may be 
formed and bubbles appear. 

If the liquid, already supersaturated with gas, is subjected to 
a blow or any other treatment described above, the formation of 

bubbles is greatly facilitated. The results of cavitation become 
particularly important at high altitudes where the pressure is 
already near the vapor pressure of water, much less in compres¬ 
sion-decompression experiments where the final pressure is one 

5 Dean (14a) believes most bubble formation in water free of gas nuclei 

is due to vortices. 
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atmosphere, far from the vapor pressure of water. A series of 
photographs of cavity and bubble formation in a tube of water 
at 110 mm. Hg pressure (the equivalent of 45,000 feet) after 
striking the bottom with a wooden block is reproduced in 
Figure 4. 

The tensile strength of water is believed to be very high. 
This is demonstrated by experiments in which a slow steady pull 
is applied, as in those of Berthelot (15) and of Dixon (16), 
where clean degassed glass tubes were completely filled with 
water at a high temperature and the temperature then lowered, 
allowing the greater differential volume contraction of water as 
compared to the glass vessel to develop the pull. Negative pres¬ 
sures (tensions) as high as 150 atmospheres were found before 
the liquid suddenly broke, leaving a cavity. 

This experiment is quite comparable to taking a piece of paper 
by two opposite edges and trying directly to pull it into two 
halves. The necessary effort is very great. On the other hand, 
by grasping one edge of a piece of paper with the two hands and 
twisting in opposite directions, the paper can be torn in two 
with the greatest of ease. The same amount of energy is re¬ 
quired in either of the two methods but the rate of application 
of the energy (the power) necessary by the first is enormous, by 
the second very small. 

Since tension is the negative equivalent of pressure® (i.e., nega¬ 
tive force per unit area), if the area is small, enormous tensions 
may develop. In a liquid pressures or tensions quickly become 
equally distributed, as illustrated by Pascal’s law, but, if the 
tension develops in a very short time interval, inertia and 
viscosity of the liquid may result in local high tensions (perhaps 
100-1,000 atmospheres) so that the liquid is literally torn apart. 

Considerable space has been devoted to this conception since 
we deal in the animal body with surfaces that can be torn apart 
and local pulls are involved rather than the uniform conditions 
of the Berthelot and Dixon experiments. Working with pre- 

fi Pressure in a gas can never become negative, but in a liquid, gel or 
solid high negative pressures develop if the material is subject to a pull. 
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siimaWy gas nucleus free apparatus we can sometimes experi¬ 
mentally demonstrate the formation of cavities oji the end of a 
glass rod drawn out of water in a narrow tube when the velocity 
reaches about 16 meters per sec. With corn syrup the velocity 
can be very low because of the inability of the viscid liquid to 
move into the space left by the rod, and with gelatin gel only a 
slight movement is sufficient to form a cavity. Moreover, the 
weight necessary to pull a glass rod out of gelatin is only a few 
kilograms and the local regions of high tension can be seen as 
strain patterns when viewed between crossed polaroids. Gas 
always moves into these cavities with extraordinary rapidity and 
a bubble is left when the cavities collapse. 

That such a mechanism must be involved in the formation of 
bubbles in the animal can be demonstrated in excised tissues 
manipulated by pulling and cutting under conditions properly 
controlled to insure that extraneous gas nuclei are not intro¬ 
duced. Connective tissue is particularly prone to form bubbles 
by this procedure and it is perhaps significant that the bends 
are associated with regions rich in connective tissue. 

THE PRESSURE DIFFERENCE, \P 

From the preceding discussion it is apparent that the tendency 
for bubbles to form will depend on two factors, both on gas dis¬ 
solved and also on pressure in the liquid. The difference between 
these may be called the pressure difference, ^P. It is numeri¬ 
cally equal to the gas tension, minus the hydrostatic pressure, 
P. The gas tension is determined by Henry’s law, which states 
that at equilibrium the tension of gas dissolved in a liquid is 
proportional to the partial pressure, p, of gas which may be mea¬ 
sured in atmospheres, in contact with the liquid. The hydro¬ 
static pressure can be either positive or negative and may also 
be measured in atmospheres. The pressure difference, AP = ^ ~P, 
is one of the primary reasons for bubble formation in com¬ 
pression-decompression and in low pressure experilnents. 

If a gas nucleus is present, any change in AP will change its 
volume. However, if gas nuclei are absent, the question arises as 
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to how great AP must be before bubbles will form spontaneously, 
i.e., how much supersaturation is possible before gas bubbles 
appear de novo in a homogenous liquid at rest. A treatment 
based on thermodynamics and statistical mechanics indicates 100 
to 1,000 atmospheres for spontaneous bubble formation. This is 
confirmed experimentally by Kenrick, Wismer and Wyatt (17), 
who have demonstrated that water, if undisturbed, may be 
brought into equilibrium with at least 150 atmospheres of gas 
without forming bubbles when the pressure is released. 

This statement regarding high AP for spontaneous bubble for¬ 
mation applies also to water in contact with hydrophilic surfaces 
whether smooth or rough and to hydrophobic surfaces if molec- 
ularly smooth but, if pitted or containing cracks, gas nuclei can 
form de yuwo and grow to bubbles at less than 100-1,000 atmos¬ 
pheres gas tension. Theoretically, if a crack or a cone shaped 
cavity exists with a sufficiently small angle, de novo nucleus 
formation should occur without supersaturation with gas. This 
de novo nucleus may then grow to a bubble under the same 
conditions which control the growth of any other nucleus. 

THE EFFECT OF DIFFERENT GASES—^DIFFUSION 

When compared at the same tension different gases will behave 
alike except when rates of diffusion are important. In this case 
not only AP but diffusion constants and especially solubility must 
be considered. A highly soluble gas like carbon dioxide, even at 
a low tension, may play an important role in the early growth 
of a bubble by diffusion because of the high concentration of 
carbon dioxide molecules. 

The effect is well seen when a vapor cavity is produced in a 
liquid by negative hydrostatic pressure. If both carbon dioxide 
and nitrogen are dissolved at the same tension in the liquid sur¬ 
rounding the cavity, they will diffuse into the cavity at rates 
depending on their concentrations (since the diffusion constants 
are nearly alike) rather than their tensions. When the vapor 
cavity collapses there will be a much greater proportion of carbon 
dioxide than of nitrogen in the bubble that persists. Later the 
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proportion of carbon dioxide and nitrogen will adjust, so that at 
equilibrium an equal amount is jjresent, i.e., a i)roportion that 
reflects their partial pressures. 

Likewise, the size of bubbles will be greater if carbon dioxide 
rather than nitrogen is diffusing into them, both from the same 
tension. The rapid exit and entrance of carbon dioxide into 
bubbles is easily demonstrated by Ailing a long glass tube with 
layers of water alternately saturated with air and with carbon 
dioxide. The carbon dioxide layer may be colored with a dilute 
dye to render its boundaries visible. If minute bubbles are now 
produced in the air-saturated layer at bottom by striking the 
slightly eva(uiated tube a blow, the bubbles rise slowly, but when 
they pass into the carbon dioxide layer they jump in size, due 
to more rapid diffusion of carbon dioxide inward than of air 
out, and rise rapidly until they reach the air-saturated layer. 
Then carbon dioxide passes out of them rapidly; they suddenly 
shrink and rise slowly until the next carbon dioxide layer is 
encountered, when the process is repeated. We may imagine a 
rapid bubble growth in contracting muscle when carbon dioxide 
is produced, followed by the later replacement of this gas with 
nitrogen for permanent bubble formation. 

STABILITY AND GROWTH OF GAS NUCLEI 

Gas supersaturation is like salt supersaturation, with this 
exception. The presence of a minute crystal of the salt is suffi¬ 
cient to start crystallization of the whole salt solution, whereas 
a gas nucleus may enlarge to a certain point in a gas super¬ 
saturated liquid but will not grow indefinitely until certain 
critical conditions are surpassed. The conditions are simple 
and clear in a sphere. The surface tension of the gas-water 
interface exerts an inward pressure which is inversely propor¬ 
tional to the radius and amounts to an extra atmosphere in a 
bubble in pure water of 3p radius. This excess pressure forces 
the gas into solution and the bubble disappears. Small spherical 
bubbles cannot exist unless there is excess gas in the liquid and 
the conditions for stability are that AP —2yA, when y is the 
surface tension and r the radius of the bubble. 
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For a mass sticking* to a surface the eonditiojis of stability 
are mu(*h more complicated, since the configiiration of the sur¬ 
face and tlie gas mass Avliich may have two radii of curvature at 

LIQUID 

LIQUID 
LIQUID 

Fig. 5. A. A gas nucleus in a conical cavity of apical angle and small 
receding contact angle, ^r. advancing contact angle. radius of 
base; r,*radius of curvature of gas-water interface at moment of instabil¬ 
ity (solid line). The dotted lines show stages of growth. The hemisphere 
limits stability. B. A similar gas nucleus in a conical cavity with large re¬ 
ceding contact angle which limits stability. C. A gas nucleus in a cone of 
acute apical angle, % so that 0u > 90® + ip/2. Note curvature of gas- 
water surface. 
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ri<?ht angles to each other, as well as the receding’ contact angle, 
which determines creep’* ot* the gas nucleus, are all important. 
It is not i)ossib]e to describe in detail the conditions for stability 
of gas nuclei on surfaces but Figure 5 illustrates what will hap¬ 
pen in cases which have been considered in a recent paper by 
Harvey et al. (IS). 

Wherever a sin*faee is concave to the gas phase, as in Figure 5, 
C, the pressure in tlie gas is less than the gas tension in the water 
and gas would tend to move in from solution thereby continually 
enlarging the gas mass. 

For every gas nucleus there is a certain AP below which it is 
stable and above which it grows by diffusion of gas. We may 
look upon a test tube of water, not especially cleaned to remove 
gas niK'lei, as (H)ntaining a population of gas nuclei of varying 
dimensions, each one of which will grow at a certain critical AP. 
If exhausted to one-half atmosphere, a group of bubbles will 
arise and tlien Jio more appear, but on reducing the pressure to 
ojie-qiiarter atmoisphere another group of bubbles arises. This 
formation theji ceases but at one-eighth atmosphere another 
group arises and so forth. At the Aapor pressure, a AP of 
760-20 = 740 mm. Hg, the hydrostatic pressure, P, has been re¬ 
duced as much as possible by evacuation but by striking the 
tube, a pressure pulse with a tension component is set up and P 
becomes less than the vapor pressure, giving rise to growth of a 
new series of gas nuclei with the formation of more bubbles. For 
convenience we can call all nuclei which will grow at or above 
the vapor pressure of water, gas macronuclei, while those which 
require a greater AP for continued growth are gas microniiclei. 
The distinction is quite arbitrary and merely represents a con¬ 
venient line of demarcation. 

REMOVAL OF GAS NUCLEI 

For any experimental work with animals it is iiecessarj" to use 
liquids in containers or implements which have no gas nuclei 
sticking to them; otherwise quite erroneous conclusions may be 
drawn regarding the bubbling of blood, spinal fluid or tissues. 
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Any bubbles which appear in such an experiment may have come 
from gas nuclei on the surgical instrument or apparatus rather 
than from the blood or tissue [see Harvey ct al. (19) ]. 

The first necessity for avoidance of gas nuclei is to avoid hy¬ 
drophobic material. Tliis is not because a hydrophobic surface 
cannot be cleaned of gas nuclei, for it can, if always undcT water, 
but because the w^ater runs off when exposed to air, and an air 
film then sticks by virtue of its contact angle. The surface 
should be so clean that a water film will cover it completely when 
removed to the air. If container and water are then well cen¬ 
trifuged, macronuelei or dust particles on glass can be removed 
and the water will not bubble at the vapor pressure. After 
treatment by this method, M HCl and M NaHCO;^ can be mixed 
without bubble formation and yeast can be grown in gas-nucleus- 
free culture medium with copious carbon dioxide production but 
without formation of bubbles. Filtering may also be employed 
to remove gas nuclei but it is essential to make certain that no 
gas masses are present on the filter, for filtering sometimes intro¬ 
duces more nuclei than it removes. 

For removal of gas micronuclei two additional methods are 
available, both highly effective. One removes gas from solution 
by prolonged boiling or evacuation, thereby allowing the nucleus 
to disappear by solution in gas-free liquid; the other makes use 
of increased hydrostatic pressure, thereby forcing the nucleus 
into solution. The latter method is the most convenient, since 
the liquid retains its previous gas tension after a high pressure 
treatment and the difficult task of resaturation without intro¬ 
ducing gas nuclei is avoided. We have placed both water and 
container in a steel chamber filled with water, and have used a 
hydrostatic pressure of 16,000 Ib./in.^ (1,090 atmospheres) for 
15 to 30 minutes. Such previously compressed water in a clean 
glass tube has remarkable properties. It can be heated to at 
least 202® C. before bursting into vapor, although evaporation 
from the surface is enormous. When intense high frequency 
sound waves are passed through, no cavitation occurs and no 
bubbles arise. Finally, if exhausted to the vapor pressure of 
water at 20® C., moderate knocks have no effect and only a very 



DECOMPRESSION SICKNESS 59 

severe blow, strong? enotij?h nearly to shatter the glass, will cause 
bubbles to form. 

Although this water is gas-nueleus-free, bubbles can still be 
produced in it by procedures which increase AP to the 100 to 
1,000 atmospheres necessary for spontaneous bubble formation— 
either by decreasing P, as when a glass rod is rapidly pulled out 
of the water with cavitation and bubble formation; or by increas¬ 
ing tf as when such water is electrolyzed and the gas concentra¬ 
tion rapidly rivses at the electrodes or when frozen and the forma¬ 
tion of ice crystals (in which gas is insoluble) raises the gas con¬ 
centration to a high value in pockets of the unfrozen liquid. 

GAS NUCLEI IN BLOOD 

With these fundamental principles in mind we may now turn 
to the animal and apply them to the observed facts. At altitude 
bubbles are rarely observed in resting animals but do appear in 
blood vessels as a result of muscle contraction, whereas in resting 
animals decompressed to one atmosphere from high air pressures 
the bubble formation is profuse in blood vessels, and many tis¬ 
sues are a froth of bubbles. 

Since bubbles appear most readily in blood it was natural to 
test this liquid for gas nuclei. Previous experience with glass 
models and methods of removing gas nuclei have supplied the 
technique for drawing samples of blood into a long clean wet 
glass tube, or poinpholygometer, one end of which is a cannula 
inserted and tied in the blood vessel. By appropriate clamps, 
stop-cocks and connections to a vacuum reservoir, successive 
samples of blood in the pompholygometer can be tested below the 
blood vapor pressure at 38° C. to see if gas nuclei are present 
which will grow into visible bubbles. The testing conditions of 
less than 47 mm. Hg are equivalent to an altitude of 63,000 feet 
(a AP of 713 mm,), far greater than the animal itself can stand. 

The carotid blood when sampled in the above manner has been 
found to be free of gas nuclei in resting cats at ground level as 
well as in cats after a previous exposure to high altitude.^ Even 

7 The word altitude used in this sense throughout this paper refers to a 
simulated altitude in a low pressure chamber. 
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when the blood is drawn at an altitude of 45,000 feet or duriii^^ 
a prolonged exposure to an air pressure of 100 Ib./in.^, bubbles 
have not appeared at the vapor pressure except in a few in> 
stances Avliere contamination was suspected. These experiments 
indicate tliat all the formed elements of the blood (red and w4iite 
corpuscles, ])late]ets, fat globules or blood dust) play no part in 
bubble formation, that air masses do not normally pass from 
alveoli to lung capillaries (although they may when the alveolar 
air i^ressure is raised above that in the capillaries) and that 
movemeiit of the blood with turbulence and vortex formation 
aroujid tiu‘ valves of the heart does not normally start bubble 
formation. They lead to the conclusion that bubbles must arise 
from gas nuclei sticking to or formed on or within the endothelial 
linings of the vascular system or extravascular spaces and only 
when they have enlarged to the point of instability do they pass 
into the blood vStream. 

A few attempts were made to sample venous blood from the 
postcava below the renal vein, but the low blood pressure and 
the tendency for this vessel to pass into spasm has introduced 
difficulties. These can be overcome but the postcaval wall is so 
thin that bubbles within can be readily seen with the naked eye. 
The postcava, in fact, is a natural pompholygometer for testing 
blood from the hind (juarters of the body and has been used in 
our standard experimental procedure in studying bubble for¬ 
mation, 

AXIMAL TECHNIQUE 

The cat is anesthetized with nembutal and the abdomen opened 
with little loss of blood. The viscera are pushed aside and cov¬ 
ered w’ith moist cotton to prevent evaporation, thereby exposing 
a considerable length of the postcava together with its tributary 
branches. When the cat is placed in a horizontal position in the 

Pig. 6. Above—^View of high altitude chamber with cat in position, res¬ 

ervoir vacuum tank for rapid removal of air from altitude chamber, oxygen 

cylinder, mercury altitude gauge and accessory apparatus. Below—Near 

view of same, showing mercury blood pressure manometer on outside of al¬ 

titude chamber. Equalization of pressure is effected by connecting open 

end with interior of chamber. 
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altitude chamber aud weli illuminated, observation can be readily 
made through the ^lass observation ])orts, and bubbles of 0.2 mm. 
diameter can be seen within the veins. Only when bubbles are 
very large can they be detected in arteri(*s. 

The altitude chamber, shown in Figure 6, is an old autoclave, 
connected by a good-sized pi])e and valve to a large reservoir 

Fig. 7. Various devices for manipulation in tank. ITpper left—artery 

clamp closed by electromagnet. Lower left—artery clamp opened by 

electromagnet. Upper right—mouse trap spinal cord cutter. Lower right 

—motor and eccentric for passive movement of leg. 

chamber which can be evacuated with an air pump. The capac¬ 
ity is such that by opening the valve quickly or slowly the small 
chamber reaches the simulated altitude at any desired rate from 
explosive decompression to our usual average ‘‘rate of climb’' of 
5,000 feet per second. 

The chamber is too small to admit a man and the altitudes are 
oft^n so high that no man could exist for any length of time. 
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Therefore, various devices have been developed for physiological 
manipulation from without the chamber. Some of these devices 
are shown in Figure 7. Blood pressure can be determined with a 
carotid cannula inside and a mercury manometer outside the 
chamber, provided care is taken to remove gas nuclei from 
connecting tubes. The open end of the manometer is recon¬ 
nected to the altitude chamber for equalization of pressure as 
shown in the lower portion of Figure 6. Electromagnetic 
clamps for blood vessels or tracheae have been devised that will 
either open or close on making a contact, as well as an auto¬ 
matic syringe for injecting solutions. Finally, an ingenious 
“mouse trap sectioner” for cutting the spinal cord with the cat 
in the chamber is activated by electromagnetic release of the 
spring of the trap to which a wire is attached that cuts through 
the cord. 

Pure oxygen is administered by a glass tube fitting loosely over 
a tracheal cannula. The altitude has been mostly 45,000 feet 
(110 mm. Hg), selected as a convenient high level at which cats 
would live for at least an hour with oxygen breathing despite 
considerable anoxemia. Under these conditions the rate and ex¬ 
tent of bubble growth would be as great as possible. 

BESTING ANIMALS AT ALTITUDE 

If a series of resting nembutal anesthetized cats are prepared 
in this manner and observed for at least an hour at 45,000 feet, 
bubbles rarely appear in the postcava. Even at 50,000 feet 
where a percentage of the animals die, bubbles are not usually 
found during a 60-minute observation or during the life of the 
cat. Since dissolved gas in the animal is constantly and rapidly 
lost at this altitude by the efficient breathing and circulatory 
mechanisms, aided by further compensatory changes resulting 
from anoxemia, experiments were undertaken to retain the dis¬ 
solved gas, expecting that bubbles might then appear. Both ar¬ 
teries (aorta and collateral arteries) and veins (postcava) were 
tied, or the leg was toumiquetted or the trachea damped (when 
the heart continues to beat for 6-8 minutes), but even ^der 
these more favorable conditions, bubbles failed to appear. 
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ANIMALS STIMULATED AT ALTITUDE 

However, if the hind legs of the cat were stimulated vigor¬ 
ously, bubbles from limb veins could be observed moving up the 
postcava, sometimes within 5 seconds of the beginning of stimu¬ 
lation. By 16 minutes the great majority of the animals had 
formed bubbles although there was variation in time of appear¬ 
ance from cat to cat and an occasional animal was resistant to 
bubble formation and remained free of them despite this pro¬ 
cedure. If only one leg was stimulated, the bubbles formed in 
that leg and appeared in veins draining that leg only. This im¬ 
portant discovery of the effect of muscle contraction on appear¬ 
ance of bubbles was first made by Whitaker, Blinks and collab¬ 
orators,* using bullfrogs, and has its practical application in the 
well recognized fact that straining movements and exercise 
among aviators is the most important predisposing factor for the 
development of bends and chokes. 

Another point of special interest is the variability in time of 
bubble formation in cats, which has its counterpart also in the 
varying resistance and susceptibility to decompression sickness 
observed in men. Part of this variability may be due to force 
and extent of muscle contraction on stimulation, part to differ¬ 
ences in the circulation and part to the fat content of the ani¬ 
mals, for it is well recognized that fat men are particularly sus¬ 
ceptible to bends after diving and Boycott and Damant (8) 
found a correlation between fat content and bends in goats after 
an exposure to compressed air. Since nitrogen is about five 
times more soluble in fat than in water, a large volume of gas 
is available for growth of bubbles in fatty regions. 

To test the effect of fat content and bubble formation at alti¬ 
tude, the fat of the subcutaneous region below the diaphragm 
(including the inguinal fat pads and deposits below the skin of 
the legs as well as the popliteal space) was removed from more 
than 400 cats, weighed and then expressed as a percentage of 
the body weight. When time of bubble appearance was plotted 
vs. fat content, no correlation could be detected, a result we be- 

s Private eonunuBication. 
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lieve to be connected with the rather rapid appearance of bubbles 
after the muscles are stimulated. Only when the bubble forma¬ 
tion is relatively slow, as on decompression from critical excess 
air pressures, have we observed a correlation between time of 
bubble production and fat. It is under these conditions that the 
slow seeping of additional nitrogen from fat deposits can make 
itself felt. Fat does not appear to be a primary cause of vari¬ 
ability. 

If stimulation of the hind legs is made at 35,000 feet (180 mm. 
Hg) bubbles also appear but they are smaller and often hard to 
see. At lower altitudes we may expect to find minute bubbles 
of microscopic dimensions too small to do any harm. 

ANIMALS STIMULATED BEFORE ASCENT 

Evidently stimulation of the legs at altitude increases the AP 
above that due to the altitude itself, so that bubbles appear in 
consequence. Such an increase in AP must enlarge gas nuclei 
even at ground level, and it is conceivable that the enlarged 
nuclei might persist for a sufiBcient time to give rise to bubbles if 
the animals were subsequently exposed to high altitude. We 
have a comparable experiment in a glass tube filled with water 
and free of any gas nuclei that can grow to visible bubble size 
at 45,000 feet (110 mm. Hg). If the tube is hit a few blows at 
ground level, no bubbles may be visible but when immediately 
evacuated to 110 mm. Hg. bubbles appear. If there is a delay 
before evacuation the gas nuclei disappear and bubbles will not 
form. 

The analogous experiment succeeds in the animal. When the 
hind legs of cats were stimulated once a second for twenty sec¬ 
onds and the animals immediately taken to 45,000 feet, bubbles 
appeared in 7 out of 10 cats. However, if there was a wait of 
ten minutes before ascent to 45,000 feet, in only 2 of 10 cats did 
bubbles appear. During this wait the enlarged gas nuclei in the 
animals had returned to their original condition. It is therefore 
apparent that vigorous muscle contraction and straining move¬ 
ments should not be carried out just before ascent, because, due 
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to the excess AP, gas nuclei will be enlarged and may form bub¬ 
bles at the altitude. 

On the other hand, muscular exercise must have a beneficial 
effect in preventing bubble formation by virtue of the marked 
vasodilation and opening of closed capillaries in muscle tissue as 
well as the increased circulation and hyperventilation necessary 
rapidly to remove carbon dioxide from the blood. During ex¬ 
ercise exactly those physiological mechanisms, naturally designed 
to remove a gas (carbon dioxide), are brought into play and they 
must be just as efficient in removing a gas such as nitrogen which 
is necessary for permanent bubble formation. The relative influ¬ 
ence of these two opposing factors—^the enlargement of gas 
nuclei by muscle contraction, and the increased gas elimination 
due to similar activity—^will determine how much and how 
strenuous the exercise can be. 

Actually, experience has shown that in man pre-exercise at 
ground level before ascent, even when combined with oxygen 
breathing, is not as beneficial as might be expected and little in¬ 
crease of protection is afforded over inhalation of pure oxygen at 
rest unless the exercise ceases some time before ascent. More¬ 
over, the hyperventilation and additional oxygen required to 
make up the oxygen debt imposes an excessive strain on the 
present oxygen mask and breathing equipment. In cats pre¬ 
stimulation with continued stimulation during ascent and at al¬ 
titude does so increase the circulation and accelerate removal of 
nitrogen that visible bubbles are rarely observed in their blood. 

In decompression after deep diving or other work under pres¬ 
sure, exercise has been advocated as a ready and efScient means 
of accelerating the removal of nitrogen. There are in fact rea¬ 
sons why this increase in AP from exercise is much less effective 
at ground level than at high altitude, reasons bound up with the 
mechanism of bubble formation during muscle contraction. 

MECHANISM OF BUBBLE FORMATION AFTER MUSCLE CONTRACTION 

It is obvious that an increase in AP^ which we have defined 
as the gas tension, t, minus the hydrostatic pressure, P, may re» 
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suit either from an increased gas production or a decreased 
hydrostatic pressure, due to stretching of the liquid, i.e., to me¬ 
chanical tension. Both factors are involved in muscle activity, 
the excess carbon dioxide and the mechanical tension of contrac¬ 
tion. One of these factors, the decreased P, becomes particularly 
important at altitude because the animal is already near the 
vapor pressure of water (47 mm. Hg) and the mechanical ten¬ 
sion of muscle contraction may expand a gas nucleus to a large 
vapor cavity such as is shown in Figure 4. Dissolved gases 
would diffuse into this cavity at a rate depending on their rela¬ 
tive concentrations and diffusion coefficients and the surface area 
of the cavity. The larger the vapor cavity, and the longer it per¬ 
sists before collapse, the larger will be the resultant bubbles. In 
previously air pressure treated cats at one atmosphere, with the 
same mechanical tension developed by muscle contraction, the 
decreased pressure may not reach the vapor pressure or may be 
only slightly below the vapor pressure so that a vapor cavity 
would be small and its persistence short. In this case the gas 
diffusing into the cavity would be far less; bubbles would be 
small and take more time to reach a visible size. In either pres¬ 
sure exposed animals or those at altitude, the high concentration 
of newly formed carbon dioxide from muscle contraction must 
greatly accelerate the early growth of bubbles. 

Our conception of the mechanism of bubble formation during 
muscle contraction emphasizes both carbon dioxide concentration 
and mechanical tension, but, if the above reasoning is correct, the 
facts point to mechanical tension as the more important of the 
two factors. Additional evidence in favor of mechanical tension 
comes from two types of experiment. In one, the legs of cats 
have been stretched without active muscle contraction and hence 
without carbon dioxide production, and in a second, lactic acid 
was injected so as to increase carbon dioxide without the me¬ 
chanical tension. In a third type of experiment the muscles of 
the legs have been crushed and injured. The crushing must it¬ 
self exert a mechanical tension on muscle fibers as well as me¬ 
chanically stimulate them locally, with carbon dioxide ptoduc- 
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tion and acid of injury. Although its bearing on the theory of 
bubble formation during muscle contraction is not so clear cut, 
it has turned out to be a most effective method of inducing bub¬ 
ble formation. These three types of experiment may now be 
considered. 

CRUSHED AND INJURED TISSUES 

The first experiments on injured tissues were carried out by 
striking the thigh muscles of the anesthetized cat with a rubber 
hammer so as not to puncture the skin but to bruise and break 
small vessels, causing extravasation of blood in muscle tissue. 
The animals were then immediately taken to 45,000 feet altitude 
and in 9 out of 10 cats bubbles appeared in the postcava. 

The blows might have resulted in bubble formation by setting 
up a series of pressure pulses, as in the glass tube experiments 
previously described (p. 50). Therefore a crushing device was 
constructed for slowly squeezing the thigh muscles and actually 
tearing them, but without perforation of the skin, which might 
allow air to enter from outside. Again, when cats so treated 
were taken to 45,000 feet, either immediately or after a wait of 
10 minutes at ground level, the bubble formation was profuse. 
Bubbles could also be found locally in the injured region. These 
experiments indicate that bubbles might readily form and pass 
into the circulation of injured men at a high altitude. 

The crushing procedure is such that very strong stretching 
forces are exerted on the muscle fibers, suflScient in some cases 
to actually break them transversely. This mechanical pull must 
play an important part in the bubble production, for it can be 
shown that injury to tissue containing no striated muscle is in¬ 
effective in forming bubbles, even when the volume of tissue in¬ 
jured is greater than in the muscle injury experiments. Thus, 
stripping the intestines, squeezing the kidney to a pulp within 
its capsule, crushing the testes or bruising large areas of the skin 
have all failed to result in bubble formation when the cats were 
observed at 45,000 feet. Acid of injury and carbon dioxide must 
be formed in these tissues also (although possibly not in such 
high concentration as in muscle) so that the mechanical tension 
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developed in crushing the muscle tissue would appear to be the 
important factor in formation of bubbles during muscle injury. 

PASSIVE MOVEMENT AND STRETCHING 

Passive movement of a leg can be attained by attaching the 
foot to an eccentric run by a motor, so that the leg is rapidly 
moved back and forth. Movement of this sort at an altitude of 
45,000 feet does not give rise to bubbles. However, if a wire is 
attached to the ankle of a resting anesthetized cat, securely tied 
to its operating board, and the leg vigorously stretched at 45,000 
feet, bubbles will appear, provided the blood supply to the leg is 
cut olf by clamping arteries and veins. Without the vessel 
clamping, removal of gases by blood flow is sufSciently rapid to 
prevent bubble formation. Since the clamping of arteries and 
veins does not give rise to bubble formation without stretching, 
it appears probable that the mechanical tension is the cause of 
the bubbles. 

LACTIC ACID INJECTION 

Any local increase in lactic acid should liberate carbon diox¬ 
ide from blood and imitate the excess carbon dioxide produced 
on muscle contraction. Therefore gas nucleus-free lactic acid 
was injected into the aorta, usually under conditions (clamping 
of proper vessels) that prevented its rapid removal by the cir¬ 
culation but insured its distribution to the hind quarters of the 
cat. These experiments have been carried out, both on cats 
previously exposed to air pressures of a critical value and dura¬ 
tion (3.5 atmospheres for 2 hr.) such that bubbles ordinarily 
appear only a considerable time after decompression, and also 
in cats at an altitude of 45,000 feet. 

In the cats exposed to compressed air collateral vessels were 
not clamped. The injection was made immediately after decom¬ 
pression and no bubbles were observed. In the ‘‘altitude'^ cats, 
injection was made just before a rapid ascent to 45,000 feet. In 
these animals bubbles appeared in 9 out of 21 animals whereas 
in a control series injected with gas nucleus-free saline solution 
only 1 out of 10 formed bubbles. The difference is not signifi- 
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cant when analyzed by the method of Chi square, but there is 
perhaps a trend, a tendency for lactic acid to favor bubbles, but 
not nearly as significant as the effect of muscle contraction itself. 

These experiments, combined with the leg stretching experi¬ 
ments, indicate that mechanical tension must be the predomi¬ 

nant factor in the formation of bubbles. 

COMPOSITION OP BUBBLES IN BLOOD 

Analyses of gas bubbles in blood by the ordinary methods 
indicate a very high percentage of nitrogen. They have been 
considered nitrogen bubbles for all practical purposes. This is 

what might be expected from the tensions of gases at equilibrium 
in blood. However, when gas moves into a bubble rapidly, par¬ 

ticularly into a rapidly forming vapor cavity, the composition of 

the gas left after collapse will depend mostly on the concentra¬ 

tion of gas dissolved in the surrounding liquid, i.e., its solubility 
at a given tension. Highly soluble carbon dioxide must be pres¬ 
ent in excess. If the bubbles could be obtained and analyzed 
while very small the carbon dioxide content would undoubtedly 

be high. This excess carbon dioxide must pass out of the bub¬ 
ble again and the final composition depend on gas tension rather 

than concentration. Therefore, in the early growth of a gas 

nucleus carbon dioxide may be very important, but for bubble 
persistence the nitrogen tension, represented by a partial gas 

pressure, is the determining factor. 

When an animal breathes pure oxygen the nitrogen is flushed 

out of the body, but the carbon dioxide, which is a body product, 

remains at practically its original level. Carbon dioxide is also 
constant in an animal exposed to high air pressure, which dis¬ 

solves an ex<^ess of nitrogen but the increased carbon dioxide 

pressure in the compressed air is small compared to the carbon 
dioxide produced by the body. Oxygen is always so rapidly 

used by the body that its tension is kept relatively low* Nitrogen 

becomes the important gas for permanent bubble formation 

and its removal essential. 
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THE EFFECT OF OXYGEN BREATHING 

It is therefore not surprising to find that oxygen breathing 
for a sufficient time before ascent will completely prevent the 
formation of visible bubbles in the postcava of cats after vigorous 
stimulation of the hind legs. The actual time of oxygen breath¬ 
ing depends on the strength of contraction. With our standard 
17-volt, 60-cycle, A.C. stimulus, one hour is sufficient to protect 
half the cats but one-half hour is not nearly enough. If the 
stimulus is reduced to 6 volts, resulting in a less vigorous muscle 
contraction, the cats are fully protected after one-half hour of 
oxygen breathing. 

A small stimulus will result in the development of a lower ten¬ 
sion, both locally, due to fewer fibers pulling together at one 
spot, and generally, due to fewer muscles coming into play. The 
end result is reduced hydrostatic pressure, which does not give 
a sufficient AP for bubble formation at the low nitrogen tension 
existing after one-half hour of breathing oxygen. The greater 
number of muscle fibers contracting after strong stimulation will 
produce more carbon dioxide but because of the circulatory ad¬ 
justments bound up with excess carbon dioxide production, the 
concentration of this gas will not rise proportionally. The de¬ 
creased hydrostatic pressure due to mechanical tension again 
appears to be more important than the carbon dioxide. After 
one-half to one hour of oxygen breathing the nitrogen tension in 
the postcaval blood of cats is very low so that only gas in the 
most inaccessible and poorly vascularized places can be involved 
in bubble production. 

In man also, oxygen breathing before ascent will completely 
prevent the appearance of all symptoms of decompression sick¬ 
ness, and offers the most effective prophylactic treatment. In 
man, the amount of oxygen breathing necessary has also been 
shown to depend on the extent of exercise at altitude. The 
actual time of oxygen breathing to prevent bends in man and 
to prevent bubble formation in the blood of cats is about the 
same. 

Moreover, a comparison of nitrogen elimination curves from 
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analysis of nitrogen tension in veins and arteries of man and 
cat show a surprising similarity in the actual time relations, 
despite the huge difference in volume of man and cat (30:1). 
In both animals also, the rate of nitrogen elimination during ex¬ 
ercise is greatly increased. The circulatory systems of man and 
cat appear to be so adapted that in man oxygen can be supplied 
and waste removed in approximately the same time as in the cat, 
despite the difference in volume of tissue to be serviced. This 
adaptive relation is probably widespread among mammals of 
different mass and is no doubt connected with some basic prop¬ 
erty of cells, perhaps the time that certain cells can withstand 
lack of oxygen or the accumulation of injurious metabolites. 

THE EPFEC5T OF CIRCULATORY AND RESPIRATORY CHANGES 

We have already seen that the circulatory and respiratory 
changes of exercise are perfectly adapted for rapid removal of 
gases but at the same time the muscle contraction of exercise, 
even at ground level, is an effective producer of bubbles. Some 
other method of increasing the circulation would be desirable to 
reduce the incidence of bends. 

One, the use of drugs has not been thoroughly tested in the 
cat. Another, lack of oxygen, cannot be successfully applied to 
man but experimentally, in the cat, has turned out to be a fairly 
eflScient method of reducing the bubble formation. When oxygen 
is withheld from the animals at 45,000 feet for some minutes be¬ 
fore stimulation is begun, there is a significant difference in the 
number of cats in which bubbles appear, as compared with a 
control series receiving oxygen continuously. The hyperventila¬ 
tion of these anoxemic animals is observed to be marked and we 
may presume that accompanying the hyperventilation there is 
the usual reflex vasodilation designed to supply muscle tissue 
with all the oxygen available. At the same time nitrogen is ef¬ 
fectively removed. 

THE SITE OP BUBBLE FORMATION 

The wide variety of decompression sickness symptoms has led 
to the view that bubbles may form in almost any part of the 
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body, and indeed, after an extreme compressed air treatment, 
bubbles are found in all regions of a cat, including arteries and 
veins, lymph vessels, eye humors and amniotic fluid, although 
not in the bladder urine. They are very abundant in fatty tis¬ 
sue and can be seen in veins draining fat deposits. 

We have not determined whether these bubbles, which are 
abundant in the viscera, ever occur within^ the cells of the body 
but this is very unlikely. All attempts to detect bubble forma¬ 
tion within single living uninjured cells (such as Paramecia, 
Amoeba, Nitella, sea urchin or starfish eggs) have failed. In 
some experiments the cells were saturated at a nitrogen pressure 
as high as 2,300 Ib./in.^ and then decompressed. The outer sur¬ 
face of the cells was observed to act as a source of bubbles, but 
they never formed within, unless the cell was injured or dead. 
It is therefore doubtful that bubbles form within mammalian 
cells but they probably appear in intercellular spaces and would 
be most likely to form where one surface can be pulled away 
from another. 

In cats at an altitude of 45,000 feet, bubbles, after stimula¬ 
tion, are confined to the blood vessels and occasionally appear in 
lymph vessels. They are mostly found in veins, probably due to 
the lower blood pressure and greater gas tension and hence lower 
AP, as well as direction of flow. Bubbles have never been ob¬ 
served in eye humors, urine or amniotic fluid, nor have they 
been observed around joints, although examination could not be 
made at altitude. At ground level this gas may have contracted 
to so small a volume as to escape detection. 

In man numerous X-ray studies made in altitude chambers 
have disclosed the presence of air masses in joint cavities, in 
popliteal fat and in the fascia between muscles. All observers 
agree that air may be present in these regions without the pain 
of bends. It has also been observed that fluid can be injected 
into the bursa without giving rise to discomfort and gas in the 
bursa itself is not correlated with pain. Statistically, gas in 

^Gersh (20) has described bubbles within fat cells from guinea pigs 
(previously exposed to air-pressure treatment), examined in sections pre* 
pared by the rapid-freezing technique. 



74 THE HARVEY LECTURES 

popliteal fat and muscle fascia appears most likely to cause pain 
and we are led to the view that the undue expansion of gas in 
critical sensitive regions of connective tissue^® stimulates sensory 
endings of pain nerves. Since localization of pain is not usually 
precise, it is frequently referred to the joint. 

Another theory of bends pain refers it to the pain of muscle 
contraction in absence of oxygen, described by Sir Thomas Lewis 
(21). Bubbles blocking the blood flow through muscle (true 
aeroembolism) would prevent access of oxygen and initiate con¬ 
ditions for the pain of anoxic contraction. However, the above 
mentioned X-ray photographs do not with certainty reveal bub¬ 
bles caught in blood vessels. This fact, together with the ob¬ 
servation that local pressure application or even a blocking of 
the blood flow by tourniquet above the painful region (which 
may also increase pressure by blocking venous return) will re¬ 
lieve bends, are both contrary to the intravascular embolism the¬ 
ory. They favor extravascular gas as the cause of bends pain. 

Tension must be involved in gas formation in joints. Even at 
ground level some persons can develop gas in the shoulder joint 
by a proper rotary motion of the arm that puts strain on the 
shoulder. By a sudden pull on the fingers also, gas will appear 
in the finger joint as demonstrated by Nordheim (22). At high 
altitude the formation of gas under such conditions will be 
greatly facilitated. 

It is impossible, from examination of the chest by roentgeno¬ 
gram, to distinguish excess gas in blood vessels from air in lung 
alveoli but several cases of chokes have shown an enlargement of 
the right heart which could be due to gas blocking the normal 
blood flow.^^ As shown by Van Allen, Hrdina and Clark (23) 
and confirmed by our work on the cat, bubbles do not ordinarily 
pass the lung capillaries, due to the low pulmonary blood pres¬ 
sure, although they are able to pass systemic capillaries. We 
have frequently observed the heart of a cat to be distended with 
air from a rather copious bubble formation in veins when no 

Dr. A. C. Ivy ijUforma me that he has a mmiber of eases of bends whexe 
no gas could be detected in the roentgenograms. 

n Private communication from Br. Ivy. 
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bubbles could be found in arteries. It seems highly probable 
that air collecting in pulmonary capillaries could give rise to 
those sensations characteristic of the chokes. 

Nervous symptoms are more difficult to analyze. They could 
be due to gas blocking capillaries of the central nervous system 
or to gas in nerve sheaths exerting pressure on nerve trunks. We 
do not know. Skin effects are also puzzling. Local bubbles in 
the skin have not been demonstrated. Frequently the skin rash 
will be distributed in a cutaneous area supplied by one sensory 
trunk, like the dermatome areas of herpes zoster. Possibly skin 
rashes, as well as the local anesthesias and hyperesthesias, are 
the result of nerve blockage, either central or peripheral. Some 
details remain to be filled in but on the whole the etiology of de¬ 
compression sickness can best be expressed by one word— 
bubbles. 
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PRODUCTION AND NATURE OF 
ANTIBIOTIC SUBSTANCES'* 

8ELMAN A. WAK8MAN 

Microbiologist, New Jersey Agricultural Experiment Station 

‘ ‘ Entrain^, enchain^ devrads je dire, par une logique 
presque inflexible de mes dtudes j’ai passd des recherches 
de cristallographie et de chimie mol4ciilaire a l’4tade des 
ferments.'*—^L. Pasteur. 

INTRODUCTORY 

WHEN Pasteur first turned from his purely chemical stud¬ 
ies on crystals to the field of microbiology, he little visu¬ 

alized the manifold developments of the new subject that were 
to result: microorganisms as causative agents of disease, their 
role in fermentations, in the preparation and in spoilage of bev¬ 
erages and foodstuffs and in agriculture, and finally as agents 
for combating disease. This newest branch of microbiology, the 
study of the production and nature of antibiotic substances and 
their utilization as chemotherapeutic agents is not of recent 
origin, but it is only comparatively recently that it has aroused 
universal attention. 

Bouchard in 1889 and Emmerich and Low in 1899 (1) demon¬ 
strated that certain bacteria belonging to the Bacillus pyocyor 
neus {Pseudomonas aeruginosa) group have the capacity of in¬ 
hibiting the growth of other bacteria and of actually killing these 
organisms. This was found to be due to the production of a 
substance designated as pyocyanase, the first antibiotic substance 
ever described. However, this phenomenon was looked upon 
rather as a freak, the substance being considered as an enzyme 
that had the capacity of bringing about the lysis of certain bac¬ 
terial cells. The plant pathologist has been constantly led to 
observe, in his cultures of fungi and bacteria, the detrimental 

1 Lecture delivered November 16, 1944. 
s Journal Series paper of the New Jereer Agricultural Experiment Sta¬ 

tion, Butgers tJnivercdly, department of Microbiology. 
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action of one organism upon another, but he was satisfied to 
designate this phenomenon as one of “staling,’’ without attempt¬ 
ing to uncover the manifold reactions involved. The soil micro¬ 
biologist, in his studies of mixed populations of microorganisms, 
long recognized the fact that one organism may affect to a 
marked degree the activities of another, but he dealt with a 
highly heterogeneous medium, the soil, and his problem ap¬ 
peared hopelessly complex. By designating as “soil toxins” 
the injurious substances thus produced he failed to succeed in un¬ 
ravelling further the complicated reactions involved. The chem¬ 
ist isolated and even crystallized certain antimicrobial substances 
produced by bacteria, such as pyocyanin, and by fungi, such as 
penicillic acid and gliotoxin, but the practical utilization of these 
substances was hardly visualized. Only isolated investigators 
recognized the great possibilities involved in the antagonistic in¬ 
terrelations among microorganisms and drew attention to their 
possible application. This was first done by Pasteur and Joubert 
in 1877, followed by Cantani in 1885, by Emmerich and Low in 
1899, by Vaudremer in 1913, by Much in 1924, by Fleming in 
1929, and finally by Dubos in 1939. 

It remained for the last half decade to uncover the great po¬ 
tentialities of this highly important field of microbiology, with 
its many phases touching upon chemistry, physiology and 
chemotherapy. 

NATURE OP ANTIBIOTIC SUBSTANCES 

Antibiotic substances possess certain chemical and biological 
properties which distinguish them from the common antiseptics 
and disinfectants. These can be summarized as follows: 

1. They are produced by living organisms, often designated 
as antagonists because of their ability to inhibit the growth of 
or to destroy bacteria and other microorganisms. Certain purely 
synthetic compounds have antibacterial and antifungal proper¬ 
ties similar to those of typical antibiotic agents. 

2. Their action is primarily bacteriostatic in nature, bringing 
about inhibition of growth; their bactericidal properties may 
al^, however, be very pronounced. 



T
A

B
L

E
 I

 

S
a
e
te

ri
o
it

a
ti

e
 A

c
ti

o
n
 
o
f 

S
e
v

e
ra

l 
A

n
ti

b
io

ti
c
 S

u
b
st

a
n
c
e
s 

u
p

o
n
 D

if
fe

re
n

t 
B

a
c
te

ri
a
 

(1
4)

 



80 THE HABVEY LECTURES 

3. They are selective in their action upon bacteria, some af¬ 
fecting largely Gram-positive and only to a limited extent Gram¬ 
negative forms, whereas others act upon certain specific bacteria 
within each of these groups, and only to a limited extent or not 
at all against other bacteria. These differences are qualitative 
as well as quantitative; hence one may speak of a “bacterio¬ 
static” or “antibiotic spectrum,” namely the selective anti¬ 
bacterial or antimicrobial action of an antibiotic substance 
(Table I). 

4. The effect of the substrate upon the antibacterial activities 
of different antibiotic substances varies greatly. Some substrates 
have no effect at all upon a specific substance; others reduce the 
activity of the substance, due to the neutralizing effect of some 
constituent, such as peptone, glucose or serum; some, like blood, 
may adsorb the substance, thus completely inactivating it; some 
substances require for their activity the presence in the medium 
of specific constitutents, such as glucose, in order to become 
effective. 

5. Antibiotic substances vary greatly in their chemical na¬ 
ture. A large number of compounds have already been isolated, 
although only comparatively few have so far been crystallized 
(Table II). 

6. Antibiotic substances vary greatly in their toxicity to ani¬ 
mals, some being highly toxic, others having virtually no toxicity 
at aU, and most others falling between these two extremes. They 
also vary in their in vivo activity. 

7. The mechanism of antimicrobial action of various anti¬ 
biotic substances is different. Some interfere with the growth of 
bacteria and their cell division, others with some phase of bac¬ 
terial respiration and still others with the utilization of essential 
metabolites by the bacteria. 

8. Many antagonistic organisms produce more than one anti¬ 
biotic substance. Pseudomonas aeruginosa has long ago been 
known to produce two agents, pyocyanase and pyocyanin, dis¬ 
tinct from one another both chemically and in their antibacterial 
action. BadUus brevis produces gramicidin mid lyrocidine; 
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PenicilUum notatum forms penicillin and notatin; Aspergillus 
flavus produces aspergillic acid and flavicin; A. fumigatus is 
capable of forming four substances, namely spinulosin, fumi- 
gatin, fumigacin and gliotoxin. The culture filtrate of an organ¬ 
ism producing an antibiotic substance often differs, therefore, in 
its antimicrobial activities from that of the isolated substance. 

9. Some substances are produced by different types of or- 

TABLE II 

Chemical Formulae of Antibiotic Substances That have been 
Crystallized or Highly Purified 

Bacteria and actinomycetes Fungi or molds 

Gramicidin—polypeptide Penicillin—? f ? ? ? 
Tyrocidine—^polypeptide Gliotoxin—CMHuNgO^S, 
Pyocyanase—^lipoid Chaet omin—Ci,Hi6N,0*S * 
Pyocyanin—CuHioNaO Aspergillic acid—C,gHaoNtO# 
lodinin—CiaHgNaOa Fumigacin—OsaHasO? 
Actinomycin—CaiHgeNsOu* Citrinin—CiaHwOB 
Proactinomycin—basic compound Clavacin—C7He04 

Streptothricin—^basic compound Penicillic acid—CaH]D04 

Streptomycin—^basic compound Kojic acid—C6Ha04 

Actinomycetin—protein Fumigatin—CaHaO* 
Puberulic acid—CaHeOa 
Puberulonic acid—CgHaOa 

* Approximate. 

ganisms. Penicillin and penicillin-like compounds are formed 
by many different strains of P. notatum, P. chrysogenum, A. 
flavus, A. giganteus, A. parasiticus, and other fungi. Oliotozin 
is produced by species of Trichoderma, Qliocladium, and A. 
fumigatus. Clavacin (claviformin, patulin, and clavatin) is 
formed by a large number of fungi, including A. clavatus, P. 
claviforme, P. patulum and Gymnoascus. Considerable confu¬ 
sion may thus result from the duplication of names for the same 
substance. 

10. The same type of substance, when produced by different 
organisms or even by the same organism grown on different 
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media or under different conditions, may show variation, both 
in its chemical nature and in its antibiotic spectrum, from those 
of the established type. 

ANTAGONISTIC PROPERTIES OP MICROORGANISMS 

The production of antibiotic substances is a phenomenon 
widely distributed among living systems, and is not limited to 
microorganisms. However, the latter, comprising certain fungi, 
bacteria and actinomycetes, are now recognized to be the all- 
important sources for the production of such substances. These 
microorganisms are often spoken of as antagonistic or as pos¬ 
sessing antagonistic properties. 

The quantitative formation of an antibiotic substance, and 
often its very nature, are controlled by the nutrition and condi¬ 
tions of growth of the antagonistic organism. One type of sub¬ 
stance may be produced by the same organism when grown in 
surface culture and another under submerged conditions: A. 
flavus, for example, produces largely aspergillic acid when grown 
in stationary culture, and flavicin, a penicillin-like substance, 
when grown in submerged culture. The nutrition of B, irevis 
and the production of tyrothricin by this organism are quite dif¬ 
ferent when it is grown under submerged as compared with sta¬ 
tionary conditions. Certain organisms require growth-promot¬ 
ing agents for the formation of a specific substance, such as 
penicillin and streptomycin, whereas other organisms do not. 

Attempts have been made to explain the capacity of antago¬ 
nistic microorganisms to produce antibiotic substances on the 
basis of their struggle for existence in nature. The existing evi¬ 
dence does not fully justify this assumption. Although the 
presence in the soil of certain toxic compounds, apparently of 
the antibiotic type, has been demonstrated (6, 16), no evidence 
has as yet been submitted to prove that the accumulation or even 
the formation by microorganisms of typical antibiotic substances 
under soil conditions is based upon competition for either 
nutrients or space, or both. 

The production of penicillin by P. noiatum, a common soil 
fuiigus can serve as a t3rpical example. This compound is 
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highly labile and is subject to destruction by various bacteria in¬ 
habiting the soil in great abundance. Penicillin is formed by 
the fungus in purely artificial media and under special condi¬ 
tions of culture. One could hardly visualize that a substance, so 
readily destroyed by a great variety of bacteria as penicillin is, 
could be produced in the soil in sufficient amounts to influence 
the growth of bacteria and especially of fungi, with which P. 
notatum has to compete for food and for space. How could the 
ability of this organism to produce penicillin in artificial media 
affect its survival in as complex an environment as that of a 
natural soil? Various fungi, such as species of Mucor, Bhizopus 
and other Mucorales, that do not form either penicillin or any 
other antibiotic substance, so far as is known at present, may be 
found in the soil much more abundantly than P. noiaium. 
From the point of view of nutrition of fungi, penicillin appears 
to be of little importance to P. notatum, 

Trichoderma, another common soil fungus, has the capacity of 
producing, under certain conditions of culture, the antibiotic 
substance gliotoxin. This organism is capable of attacking and 
destroying in the soil the important plant pathogen Bhizoctonia 
(17); however, one can hardly be justified in suggesting that 
Trichoderma depends upon Bhizoctonia as the sole nutrient for 
its existence in the soil or even that it competes with it for any 
particular place or nutrient in the soil. Of these two organisms, 
Trichoderma is much more omnivorous and can derive its nu¬ 
trients from a great variety of chemically pure substrates, 
namely, cellulose, hemicelluloses, and proteins, whereas Bhizoc¬ 
tonia depends to a considerable extent for its food upon the plant 
that it attacks, and is apparently much more selective in its mode 
of nutrition. In order for Trichoderma to produce sufficient 
amounts of gliotoxin in artificial culture, special conditions of 
growth and nutrition are required. These conditions tend to 
favor in the organism certain physiological mechanisms, that are 
markedly different from those manifested in a natural environ¬ 
ment. 

Even those antibiotic substances that are more stable in na¬ 
ture than either penicillin or gliotoxin, and that may, therefore, 
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be formed and even accumulate in the soil, will often be neutral¬ 
ized in their antibacterial action in that environment. This is 
true of actinomycin, an antibiotic substance which is quite inac¬ 
tive in a reduced state, which is likely to become reduced in the 
soil, and which is also inhibited in its antibiotic action by the 
humus constituents of soil. It is true of gramicidin, a substance 
inhibited by phospholipins, compounds found abundantly in the 
soil organic matter. 

If one were to try to find justification for every biochemical 
capacity of an organism, what possible reason could there be for 
the ability of Clostridium botulinus, CL welchii and CL tetam, 
three soil-inhabiting bacteria, to produce powerful animal toxins 
that can have no possible effect on other bacteria or fungi living 
in close proximity with them f 

The teleological concept comprising the argument as to the 
‘‘purposefulness’’ vs. “purposelessness” of certain biological 
reactions appears to verge on some of the vitalistic ideologies. It 
is easy to understand that an organism living in a certain me¬ 
dium has a given biochemical property, as the ability to decom¬ 
pose cellulose, when the medium happens to be a compost rich in 
cellulose. However, it is not at all easy to appreciate the appar¬ 
ently normal life of the same or similar organisms in another 
natural substrate, such as the sea, where comparatively little 
true cellulose is ever found. The ability of some bacteria or 
fungi to produce specific enzymes in response to certain constitu¬ 
ents in the medium may appear as purposeful, but what purpose 
could there be for an organism to possess mechanisms for which 
it apparently has no use whatsoever in a given environment? 

Further, there is a marked variation in the presence and rela¬ 
tive abundance, in soils or in water basins, of microorganisms 
that are capable of producing specific antibiotic substances. 
Bacteria producing tyrothricin, as well as fungi capable of 
forming penicillin or clavacin are very abundant in the soil. 
Other organisms producing antibiotic substances can be iso¬ 
lated from the soil, however, only after very diligent search: 
this is true of Actinomyces antibioticus and A. lavendulue, pro- 



ANTIBIOTIC SUBSTANCES 85 

ducers of actinomycin and streptothricin, respectively. In spite 
of the fact that 20-40 per cent of all soil actinomycetes possess 
the capability of inhibiting the growth of various bacteria, 
strains of the two actinomyces organisms were isolated only 
twice in our laboratory between 1940 and 1944. This rare oc¬ 
currence of these two particular organisms is especially interest¬ 
ing, since during this period nearly 1,000 cultures of acti¬ 
nomycetes were tested for their production of antibacterial 
agents. It may even be of greater interest that the second iso¬ 
lates of both strains showed certain marked differences from the 
corresponding original strains; these differences were either 
quantitative, as in the case of actinomycin, or qualitative, as in 
the case of streptothricin, the new strain yielding a substance 
that had a somewhat different antibacterial spectrum from that 
of the old one. 

These and other observations tend to emphasize the fact that 
although microorganisms capable of producing antibiotic sub¬ 
stances are widely distributed in nature, only a few groups have 
the inherent capacity to form these substances in significant 
amounts under special conditions of culture. Some strains pro¬ 
duce a given substance under one set of conditions, whereas 
other strains produce the same substance or a closely related 
compound under other conditions, as in stationary vs. submerged 
and agitated cultures. This speaks further for an inherent prop¬ 
erty of certain organisms to produce substances that have the 
capacity to inhibit the growth of specific bacteria, a property 
that has nothing whatsoever to do with the survival of such or¬ 
ganisms in nature. 

One need not deny the fact that certain microorganisms are 
capable of exerting antagonistic effects in the soil itself. It re¬ 
mains to be determined, however, whether this is due to the pro¬ 
duction by these organisms of antibiotic substances or to totally 
different mechanisms, as competition for food or the production 
by one organism of an environment unfavorable to the other. 
Nakhimovskaia (9) demonstrated that the nature of the soil and 
its treatment are of considerable importance in this connection; 
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antibacterial action is more intense in light than in heavy soils. 
The addition of organic matter either depresses these effects in 
the soil, as in the case of actinomycetes, or it favors the develop¬ 
ment of antagonistic fungi, which bring about the control of 
certain plant pathogens. 

The isolation and cultivation of antagonistic pathogens for the 
purpose of producing antibiotic substance thus represent funda¬ 
mental problems in physiology and biochemistry, especially the 
response of these organisms to nutrition and environment. Fur¬ 
ther information concerning the ecology of these organisms may 
be gained from a study of their relation to other microorganisms 
in a complex natural substrate such as the soil. 

SOIL ENRICHMENT PROBLEMS 

The enrichment of the soil with certain bacteria and fungi in 
order to stimulate the development in the soil of organisms pos¬ 
sessing selective antimicrobial properties has aroused consider¬ 
able interest among investigators and has had a great appeal to 
the popular imagination. In spite of the successful results ob¬ 
tained by such procedures (4, 15), the real significance of this 
stimulation is still open to question. This doubtful attitude to 
the results obtained is based not necessarily upon experimental 
facts but rather upon an a priori deduction, namely that the an¬ 
tagonistic organism does not derive any direct nutrition from 
the antagonized organism, and hence would not be favored in its 
growth and reproduction by the presence of the latter. The 
mechanisms of antibiotic action comprise, in a very broad sense, 
systems that are either enzymatic in nature, ranging from those 
of lysis of the cells to those of oxidations of certain essential cell 
constituents, systems that interfere with enzyme or coenzyme re¬ 
actions, and systems that function in a manner similar to es¬ 
sential metabolites. The fact that specific enzyme mechanisms 
tend to be favored by the enrichment of the substrate with sub¬ 
stances subject to the action of such enzymes gave foundation to 
the assumption that the development of antagonistic organisms 
in the soil is favored by enrichment of the soil with the living 
cells of specific bacteria. 
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One would hardly question the fact that the isolation (3) of 
bacteria possessing enzyme mechanisms active against the cap¬ 
sular carbohydrates of bacteria belongs to the above group of re¬ 
actions. One may even enlarge upon this concept by including 
mechanisms that catalyze the destruction of the bacterial cell; 
thus, the isolation of a tyrothricin-producing strain of J5. brevis 
(4) was based upon such enrichment processes, although it was 
later shown (12) that these bacteria are common in the soil and 
can easily be isolated by much simpler procedures, as by allow¬ 
ing the bacteria to crowd on a plate, that results from the direct 
plating of heavy soil suspensions upon ordinary nutrient agar 
media. The case of forced antagonism (11) may further be 
cited in support of the stimulation theory; certain specific anti¬ 
biotic properties can apparently be developed or stimulated in 
an organism, by making it live only in the presence of other 
organisms; the latter will in time be destroyed by the antag¬ 
onists. It has also been shown (15) that the addition of living 
suspensions of bacteria to a soil leads to destruction of the 
bacteria, and that the rate of disappearance of the added bac¬ 
teria increases with each repeated addition of living cells; this 
is accompanied by a corresponding increase in the number of 
antagonists or organisms possessing the capacity of destroying 
the added bacteria. A potted unenriched soil gave 15.4 per cent 
actinomycetes that possessed antagonistic properties; the same 
soil, after it had been enriched with E. coli, gave 42.8 per cent of 
antagonistic cultures; when enriched with a mixture of different 
bacteria, as many as 93.3 per cent of the actinomycetes isolated 
by the plate method possessed highly active antagonistic prop¬ 
erties (16). 

The available evidence thus permits the conclusion that cer¬ 
tain microorganisms have the inherent capacity of inhibiting 
the growth of or of killing other organisms. Such properties 
can be stimulated by the addition of sensitive organisms. This 
effect may either be due to strain selectivity of the antagonist, 
to the improvement in the culture medium for the development 
of the latter, or to the stimulation of a latent and specific anti¬ 
biotic mechanism in the antagonist 
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DESIGNATION AND CLASSIFICATION OF ANTIBIOTIC SUBSTANCES 

Since antibiotic substances are produced by living systems, 
they are made available for study and even for practical utiliza¬ 
tion long before they have been isolated in a pure state and their 
chemical nature determined. The nomenclature of these sub¬ 
stances has not been based, therefore, either upon their chemical 
properties, or upon the mechanism of their antibiotic action, or 
even upon their practical utilization, but rather upon their bio¬ 
logical origin. Usually, they are designated after the generic 
or specific name of the organism from which they are derived. 
Thus, pyocyanin is derived from the specific name of the organ¬ 
ism B. pyocyaneus; penicillin and notatin from the generic and 
specific name of the fungus P. notatum; fumigatin, citrinin, 
clavacin from the corresponding specific names of fungi, namely 
P. fumigatuSy P. citrinuniy and A, clavatus; actinomyciny pro- 
actinomyciny streptothriciny and streptomycin from recent or 
older designations of the general or specific groups of actinomy- 
cetes. In some cases, the name is selected on the basis of the 
mode of action of the substance, its chemical properties, or selec¬ 
tive bacteriostatic spectrum j thus we have, in the correspond¬ 
ing order, pyocyanasCy on the assumption that one is dealing 
here with an enzyme system, penicillic acid, and gramicidin, 
the naming of the latter being based upon its capacity to affect 
largely Gram-positive bacteria. 

The above nomenclature is fully justified. Occasionally, 
however, it has led to a certain amount of confusion, due pri¬ 
marily to two factors already mentioned: first, the same sub¬ 
stance or a closely related compound may be produced by dif¬ 
ferent organisms, thus giving rise to the temptation to desig¬ 
nate it by a number of different names, depending on its origin; 
and second, the same organisms may produce more than one 
substance, thus leading to the confusion that arises from study¬ 
ing a mixture of substances before they have been separated 
from one another. 

Sufficient information has now accumulated to make possible 
tibie recognition of several well characterized types of antibiotic 
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substances. Each of these types represents a single compound 
or a group of closely related compounds that are formed by one 
organism growing under different conditions of culture or by 
several organisms. Once the chemical and biological properties 
of a new compound have been established, the compound is 
placed in the proper position as regards type. Further isola¬ 
tions of the same compound should now be coordinated with the 
established type. In selecting the type compounds of anti¬ 
biotic substances, the following five major criteria may be con¬ 
sidered : 

1. The organism that produces the antibiotic substance. 
2. The chemical nature of the substance. 
3. The selective microbial properties or the bacteriostatic 

spectrum. 

4. The toxicity of the substance to animals and its m vivo 
activity. 

5. The mode of action of the substance upon various bac¬ 
teria. 

A brief survey of the more important types of antibiotic sub¬ 
stances that are now recognized will suflSce to illustrate their 
natural groupings and tp differentiate the type compounds on 
the basis of the above criteria. 

PRODUCTION OP ANTIBIOTIC SUBSTANCES BY FUNGI 

Fungi are now known to produce at least eight types of anti¬ 
biotic compounds (Table III), some of which have been crystal¬ 
lized. They can be briefly summarized as follows: 

1. PenicilUn and penicillin-like substances are produced by 
different strains of P. notatum and P. chrysogenum and by a va¬ 
riety of other fungi. All the preparations have the same or 
nearly the same bacteriostatic spectra; they are characterized by 
low toxicity to animals and by a similar mode of action upon 
bacteria. Whatever chemical differences may finally be deter¬ 
mined between these preparations, they may prove to be only 
minor in nature. The introduction of several new names for 
similar preparations obtained from different organisms or from 
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the same organism under different conditions of culture has been 
a cause of much confusion. Thus, several penicillin-like sub¬ 
stances have been designated as flavicin, gigantic acid, and 
parasiticin, and several synonyms have been given to the first 
of these, namely, aspergillin, flavatin, flavicidin. These syn- 
on3ans and even designations of original preparations obtained 
from different fungi have little justification. 

TABLE III 

Antibiotic Substances Produced by Fungi 

Substance Organism 
Toxicity 

to 
animals* 

Bacterio¬ 
static 

spectrumt 

Penicillin . P. notatum-chrysogenum, 
and others 0 + -H + + 

Gliotoxin . Trichoderma, G. fimbri- 
atum, A, fumigatus, 
and others + + + + + - 

Ghaetomin . Ch, cochliodes + f + + + + 

Aspergillic acid. A, flavus + + + 
Fumigacin . A, fumigatus + + + 
Citrinin . P. citrinum, Asper¬ 

gillus sp. + + 
Clavacin . A, clavatus, P. patulum, 

and others + + + + + — 
Penicillic acid. P. puberulum, P. cyclo- 

pium, and others + 

* Osnontozic or very limited toxicity5 +=:low toxicity; ++ = fairly toxic; 
+++=:toxic; ++++ = highly toxic. 

t Belative activity against specific bacteria on basis of Gram stain. 

2. Oliotoxin is produced by fungi belonging to the genera 
Trichoderma, Qliocladium (O. fmbriatum) and Aspergillus (A. 
fumigatus). It contains both nitrogen and sulfur and is formed 
either alone or in a mixture with other antibiotic substances. 
It has a much wider antibacterial spectrum than penicillin and 
is also active against various fungi. 

3. Chaetomm has so far been isolated only from a single 
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strain of Chaetomium (Ch. cochliodes). It contains both nitrogen 
and sulfur. It is similar in the nature of its spectrum to peni¬ 
cillin, in its solubility to gramicidin, and in its chemical prop¬ 
erties to gliotoxin. It differs in many respects from these com¬ 
pounds, especially in its non-activity in vivo, since it is readily 
and completely absorbed by the red blood cells, and is thus in¬ 
activated. 

4. Aspergillic acid is produced by certain strains of A. flavus. 
It is a nitrogenous, but non-sulfur bearing compound, and is 
selective in its action upon bacteria. 

5. Fumigacin (helvolic acid) is a nitrogen- and sulfur-free 
substance, also described as helvolic acid. It is produced by A. 
fumigatus, a group of fungi capable of forming, in addition to 
fumigacin and gliotoxin, two other antibiotic substances, closely 
related quinones, namely fumigatin and spinulosin. 

6. Citrinin, also a quinone, is formed by species of PemcU- 
Uum (P. citrinum) and Aspergillus (A. candidus). It has lim¬ 
ited activity against Gram-positive bacteria. 

7. Clavacin is produced by a number of fungi belonging to 
the genera Aspergillus (A. clavatus), Penicillium (P. claviforme, 
P. paiulum) and Oymnoascus. This is the reason for the many 
names given to it, namely claviformin, clavacin, patulin and 
clavatin. It is a very common antibiotic substance of the ketone 
type. 

8. Penicillic acid is the first antibiotic substance produced by 
fungi, that has ever been crystallized (1913), although it was 
not originally recognized as such. It is also a ketone and is sim¬ 
ilar in many respects to clavacin, although it is not as active. 
The same may be said of kojic acid, fumigatin, puberulic acid, 
puberulonic acid, and other ketones and quinones formed by a 
large number of fungi. They have limited bacteriostatic activity 
against Gram-positive and Gram-negative bacteria. 

A group of oxidases, produced by many fungi and active in 
the presence of glucose or other carbohydrates, may also be 
added to this list. Their designations, based either on the or¬ 
ganism producing them or upon their activity against specific 
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bacteria, are penatin, E, coli factor, notatin, corylophilline, and 
mycoins. 

Other types of antibiotic substances will no doubt be added, 
in the course of time, to the above list, since comparatively little 
information is still available concerning the production of such 
substances by Myxomycetes, Basidiomyces, as well as many 
members of the Fungi Imperfecti, such as members of the genus 
Fusarium. 

PRODUCTION OP ANTIBIOTIC SUBSTANCES BY ACTINOMYCETBS 

Several well defined type-compounds are now known to be pro¬ 
duced by actinomycetes (Table IV): 

1. Actinomycin is a pigmented, nitrogen-containing ring 
compound. It is active largely against Gram-positive bacteria 
and only to a limited extent against Gram-negative organisms. 

TABLE IV 

Antibiotic Substances Produced by Actinomycetes 

Substance Organism 
Toxicity 

to 
animals* 

Bacterio¬ 
static 

spectrum t 

Actinomycin . A. antibioticus + + + - 
Proactinomycin . Pr, gardneri + + - 
Streptothricin. A, lavendulae + + — 
Streptomycin . A, griseus + + — 
Micromonosporin . Micromonospora sp. 

1 
f + + 

* Relative toxicity. 
t Relative activity against specific bacteria on basis of Gram stain. 

It is highly toxic to animals and is produced by few strains of 
Actinomyces antihioticus. Some strains produce a second, non- 
pigmented compound designated as actinomycin B, less active 
than the pigment, originally described as actinomycin A. 

2. Proactinomycin is a basic compound produced by Prih 
actinomyces gardneri. It is soluble in ether and in water and is 
largely active agamst Gram-positive bacteria. 
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3. Streptpthricin and streptomycin represent a group of ni¬ 
trogenous compounds, basic in nature and active against both 
Gram-positive and Gram-negative bacteria. They are charac¬ 
terized by a rather limited toxicity to animals. They are pro¬ 
duced by two different organisms, namely, Actinomyces laven- 
dulae and Actinomyces griseus, respectively. The substances 
themselves differ in their respective bacteriostatic spectra and 
in the specific toxic effect upon animals. However, they possess 
certain common properties, such as solubility, mode of action 
upon bacteria and limited toxicity to animals. 

4. Actinomycetin, micromonosporin, and Actinomyces lyso¬ 

zyme are compounds largely active against Gram-positive bac¬ 
teria. They are produced by various species of Actinomyces 
and Micromonospora; they resemble, in their nature, proteins 
and, in their action, proteolytic enzymes. 

PRODUCTION OF ANTIBIOTIC SUBSTANCES BY BACTERIA 

Antibiotic substances are produced both by various non¬ 
spore-forming and spore-forming bacteria (Table V). Several 

TABLE V 

Antibiotio Substances Produced by Bacteria 

Substance Organism 
Toxicity 

to 
animals 

Bacterio¬ 
static 

spectrum 

Pyocyanase . Ps, aeruginosa + + + — 
Pyocyanin . Ps, aeruginosa + + + - 
lodinin.-. Chromob, iodinum t + + 
Tyrothricin . B. brevis + + + + + 
B. simplex factor. B. simplex f + + +* 
Subtilin ... B. subtiUs f + + + 

* Highly active against certain f ungL 

representative types belonging to each group have already been 
isolated and studied in detail. These can be briefly sununarued 
as foUcms: 
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1. Pyocyanase is the first antibiotic substance that has ever 
been concentrated and described. Although it has been known 
for more than half a century, it has never occupied a prominent 
place as a chemotherapeutic agent, chiefly because of the insta¬ 
bility of the preparation and the great variability of the bac¬ 
teria producing it. 

2. Pyocyanin and its derivative hemipyocyanin are two pig¬ 
mented compounds produced by Pseudomonas aerugmosa. They 
possess relatively limited activity against a variety of bacteria. 

3. lodinin is a pigment produced by Chromobacterium iodi- 
num, having only limited bacteriostatic action. 

Among the spore-forming bacteria, the following type com¬ 
pounds must be recognized: 

4. Gramicidin and tyrocidine (tyrothricin) are two polypep¬ 
tides highly active against Gram-positive bacteria and certain 
few Gram-negative organisms. They are produced by strains of 
Bacillus brevis, commonly found in the soil. 

5. B. simplex factor is a substance formed by certain spore¬ 
forming bacteria of the Bacillus simplex type. It is active 
against fungi and various bacteria. 

6. B, mycoides (Much), B, mesentericus (Pringshelm), and 
B. subtUis (subtilin) factors. Certain strains of these spore¬ 
forming bacteria produce one or more substances that are active 
against various bacteria. 

PRODUCTION OF ANTmiOTIC SUBSTANCES BY OTHER ORGANISMS 

In order to make the above list complete, attention should also 
be directed to the fact that many other living systems, ranging 
from viruses to higher green plants and animals, produce sub¬ 
stances that are in many respects comparable to the typical 
antibiotic agents. Some of these may be listed here: 

1. Viruses. The antagonistic action of one virus upon an¬ 
other is well recognized. The possibility that these effects are 
in some manner comparable to the action of antibiotic substances 
is indicated, but until more specific information is obtained, this 
supposition must be considered as highly hypothetical. 
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2. Algae, The production of chlorellin by a species of 
Chlorella points to the formation of antibacterial agents by at 
least some members of this group of microorganisms. 

3. Higher plants. The antibacterial action of the juice of 
cabbage, onions, and certain other plants has been recognized 
(6). The designation of phytoncides has been given to these 
substances in Soviet Russia and elsewhere. 

4. Animals, The ability of protozoa to digest bacteria often 
involves mechanisms destructive to the latter. Various tissues 
and excreta of higher animals produce lysozyme (egg white, 
tears), which is somewhat similar, in its selective action upon 
bacteria, to the typical antibiotic substances. 

MODE OP ACTION OF ANTIBIOTIC SUBSTANCES 

The metabolic reactions of different microorganisms vary con¬ 
siderably. The mere fact that some require for their nutrition 
complex organic substances containing growth-promoting or 
biotic agents, whereas others can synthesize their ceD substance 
from simple organic and even inorganic salts bears evidence to 
such existing differences. Their ability or inability to synthe¬ 
size such biotic agents required for growth, their ability to form 
specific enzymes, as well as the as yet little understood ‘‘bacterial 
hormonesessential for cell multiplication are other contribut¬ 
ing factors. The action of antibiotic substances upon bacteria 
cannot be disassociated from the possible mechanisms of biotic 
vs. antibiotic, enzyme and coenzyme vs. antibiotic, or hormone 
vs. antibiotic systems, or other mechanisms made possible by the 
complexity of the living cell. 

Recent studies of the mechanism of antibacterial action of 
purely chemical chemotherapeutic agents led to rather definite 
concepts. This action was believed to consist in depriving the 
bacteria of the use of enzymes or metabolites by various types of 
interference. The nutritional requirements of the organisms 
thus inhibited are more exacting than those of organisms in 
their normal state. E, coU and 8. hemolyiieus, for example, 
when inhibited by acriflavine components, were found to require 
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for further growth two types of material not normally needed, 
one of which could best be replaced by nucleotides, and the other 
by a concentrate of amino acids, especially phenylalanine (8). 

On the basis of the information now available, the concepts of 
bacteriostasis gained from the study of chemical agents may be 
enlarged and the following mechanisms of cell inhibition ten¬ 
tatively presented: 

1. The antibiotic substance interferes with bacterial cell di¬ 
vision, thus preventing further growth of the organism. The 
cell becomes elongated, reaching abnormal size; unable to divide, 
it gradually dies. 

2. Certain antibiotic agents in bacteriostatic concentrations 
may have no effect on the metabolic rates of bacteria, though 
they inhibit cell multiplication. This may result in the produc¬ 
tion and accumulation of metabolic products injurious to bacte¬ 
rial growth. 

3. The antibiotic substance interferes with certain metabolic 
processes of the microbial cells, by substituting for one of the 
essential nutrients. 

4. The antibiotic substance affects the vitamin utilization of 
the organism. The staling effect of a medium, frequently spoken 
of in connection with protozoa as ‘‘biological conditioningof 
the organism, may serve as an illustration. Other effects could 
be cited concerning the neutralization of an essential vitamin by 
an antibiotic substance, a phenomenon often referred to as 
“ antagonism.'' 

5. The substance competes for an enzyme needed by the bac¬ 
teria to carry out an essential metabolic process. 

6. The substance interferes with certain enzymatic systems, 
such as the respiratory mechanism of the bacterial cell, espe¬ 
cially the hydrogenase system, the phosphate uptake by the bac¬ 
teria accompanying glucose oxidation, as in the action of grami^ 
cidin (7), or other enzymatic reactions. 

7. The substance directly inhibits cellular oxidations, par¬ 
ticularly those involving nitrogenous compounds. 

8. The substance acts as an enzyme system and produces, in 
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the medium, oxidation products, such as peroxides, injurious to 
the bacterial cell. 

9. The substance favors certain lytic mechanisms in the cell, 
whereby the latter is destroyed; this mechanism may either be 
primary or secondary in nature. 

10. The antibiotic substance may interfere with the sulf- 
hydryl group which is essential for cell multiplication. This 
was shown (5) to hold true for mercurials and other chemical 
antiseptics. The possible interrelationship between the sulf- 
hydryl group and true antibiotics has recently been indicated 

(2). 
11. The antibiotic substance acts as a surface-tension de¬ 

pressant, as in the case of gramicidin and tyrocidine (7). 
12. Bacteria subjected to the action of an antibiotic substance 

may develop mechanisms that render them resistant to its ac¬ 
tion; they may even inactivate the substance. This is true, for 
example, of penicillinase, the en2yme capable of bringing about 
the rapid destruction of penicillin. 

Because of differences in these mechanisms, some antibiotic 
substances are primarily bacteriostatic (gramicidin, actinomy- 
cin), whereas others are highly bactericidal (tyrocidine, clava- 
cin). The bacteriostatic and bactericidal mechanisms of anti¬ 
biotic substances are influenced by a number of factors, includ¬ 
ing the nature of the substance, the nature of the organisms 
acted upon, the nature of the substrate in which the action takes 
place, the relative concentration of the substance, the initial 
numbers of bacteria and the state of their activity, and the tem¬ 
perature and period of incubation. 

UTILIZATION OF ANTEBIOTIO SUBSTANCES FOR 

CHEMOTHERAPEUTIC PURPOSES 

Among the several flelds of possible application of anti¬ 
biotic substances, none is of greater significance than their po¬ 
tential utilization for the treatment of infectious diseases of men 
and animals. Although a number of different substances have 
already been isolated from fungi, bacteria, and actinomycetes, 
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only very few have so far found application in the control of 
disease. This is due to the fact that most of the substances iso¬ 
lated to date have not met the general requisites of chemothera¬ 
peutic agents. Thus, many of the antibiotics have proved to be 
general protoplasmic poisons which not only destroyed the 
microorganisms inciting the disease but also the host which har¬ 
bored them. Other substances were found to be insoluble in 
water and tissue fluids thereby restricting their use to the treat¬ 
ment of local infections. On the other hand, a number of the 
antibiotics proved to be inactivated by body fluids or inhibited 
in vivo by their flxation to serum proteins or to the other blood 
constituents. Finally, certain agents were handicapped in their 
effect by being rapidly excreted from the animal body or by 
causing a number of undesirable side effects. 

Because of the foregoing limitations, only one substance, peni¬ 
cillin, is being utilized at present for the systemic treatment of 
bacterial infections, although others such as gramicidin and 
tyrothricin are of value in certain localized infections. A sec¬ 
ond group of substances including streptomycin, streptothricin 
and possibly gliotoxin also appear to offer deflnite promise as 
chemotherapeutic agents. These substances possess high anti¬ 
bacterial activity and are more or less devoid of the undesirable 
properties listed above. Penicillin and tyrothricin are active 
largely against Gram-positive bacteria, and the members of the 
second group are active against both the Gram-positive and 
Gram-negative bacteria, as well as against certain pathogenic 
and saprophytic fungi. Although similar in some respects, the 
above preparations possess distinct and characteristic antibiotic 
spectra; they are different in chemical composition, and possibly 
in their mechanism of action on the invading microorganisms 
and on the host. They are thus found to represent type com¬ 
pounds for disease control, and they offer promise that other, 
possibly even more effective, derivatives may be obtained from 
them when more is learned about their chemical nature. 

Sevmral other antibiotic substances, such as pyocyanase and 
aetinomycetin, have also found limited application or their pos¬ 
sible use has been indicated. 
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One may be justified, on the basis of the accumulated informa¬ 
tion, in indicating the progress so far made in obtaining anti¬ 
biotic substances for the control of various infectious diseases of 
man and animal. 

Group I. Diseases caused by Gram-positive bacteria and cer¬ 
tain Gram-negative cocci. These organisms are among the most 
sensitive to antibiotic agents, several of which (tyrothricin and 
penicillin) have already found practical application. 

Group II. Diseases caused by Gram-negative bacteria. These 
organisms are more resistant to most antibiotic agents, several of 
which, however, are now known to be capable of combating dis¬ 
eases caused by these organisms, and of which at least one 
(streptomycin) offers promise of success. 

Group III. Diseases caused by acid-fast bacteria. Because of 
the peculiar characteristics of the diseases incited by organisms 
of this group, they have proved to be among the most resistant to 
chemotherapy. Mycobacterium tuberculosis, despite high sensi¬ 
tivity to many antibiotics in vitro, can be attacked in the body 
only in a manner which involves selective tissue penetration. 
Fortunately, however, there are already suggestions that such 
an agent can be found. 

Group IV. Virus diseases. No distinct substance has so far 
been found capable of combating these diseases as a whole. Be¬ 
cause of the varied chemical versus biological nature of the dis¬ 
ease-producing agents involved, no substance active against all 
of these agents can even be expected. So far little hope can be 
extended of isolating substances active upon individual viruses, 
although the possibility exists that in time such substances may 
be obtained. 

Group V. Bickettsial diseases. Little can yet be said con¬ 
cerning these organisms and the method of treating the diseases 
involved from an antibiotic point of view. To date very little 
has been done in this direction. 

Group VI. Spirochaetal diseases. Several antibiotic sub¬ 
stances (penicillin, streptomycin) are now known to have a re- 
miurkable effect upon diseases caused by spirochaetes, and there 



100 THE HAEVEY LECTURES 

is no doubt that they will gradually supplement or even super¬ 
sede the present treatments. 

Group VII. Trypanosomiasis, malarial, and other protozoan 
diseases. There is some evidence that some antibiotic agents can 
act upon certain of these. It remains to be determined, how¬ 
ever, whether these agents can supersede the arsenical, quinine, 
and other treatments now in use. 

Group VIII. Diseases caused by larger animal forms. Little 
can be said about these at present. 

Group IX. Fungus diseases. A number of antibiotic sub¬ 
stances (pyocyanin, gliotoxin, clavacin) are now known to have 
marked fimgistatic and fungicidal properties. Undoubtedly 
some of these will in time find application in the control of 
specific diseases caused by fungi. 

On the basis of the above observations, even at the risk of ap¬ 
pearing to be a false prophet, one cannot help but say that we 
can look forward to the discovery of new antibiotic agents that 
will be utilized for combating human scourges for which no effec¬ 
tive means of control are at present available. 

SUMMARY 

The discovery of new chemical agents, known as antibiotic sub¬ 
stances, whereby one living system is capable of inhibiting the 
growth of another or of actually destroying the other system has 
opened to the biologist new vistas for the study of ecological rela¬ 
tionships among microorganisms. The fact that these phenom¬ 
ena involve the action of saprophytic organisms upon disease 
producing bacteria and fungi has added to the great potential¬ 
ities thus uncovered,* for the biologist—a, better understanding 
of the physiological reactions in the microbial cell; for the chem¬ 
ist—^new chemical mechanisms for destroying disease-producing 
agents; for the physician, the veterinarian and possibly the plant 
pathologist—new actual or potential chemotherapeutic agents 
for combating human, animal, and plant diseases. 
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NEW DIRECTIONS IN RENAL MORPHOL¬ 
OGY; A METHOD, ITS RESULTS AND 

ITS FUTURE* 

JEAN OLIVES 

Professor of Pathology, Long Island College of Medicine, Brooklyn, N, Y, 

TO the privilege that an invitation to address your Society 
brings is added a considerable responsibility if one is to talk 

of the structure and function of the kidney. This I have come to 
appreciate in looking through the list of lecturers who have pre¬ 
ceded me, for there are found the names of those around whose 
work has grown our present-day knowledge of how the kidney is 
built and how it functions. The anatomists, Huber and Hunting- 
ton ,* the experimentalists, Pearce, Brody, McNider and Richards; 
the clinicians, Christian, Janeway and Addis; the pathologists, 
Aschoff and Goldblatt, and, most recently, the physiologist, 
Homer Smith—^you can imagine, I think, the hesitancy of one 
who is asked to follow where these men have led and to carry on 
in their tradition. 

There is one lecture in this series, given in 1909 by Professor 
Huber (1), “On the Morphology and Structure of the Renal 
Tubule,’’ to which I would refer in particular. It would indeed 
be gratifying if there were present tonight some one who had 
heard him speak, for what I shall say may be considered almost 
a direct sequel to his work, both in method and content. For 
Doctor Huber, along with Peter in Greifswald (2) was one of the 
few morphologists who viewed the renal unit in what Trilby liter¬ 
ally meant by “the all together,” the simple statement, you will 
remember, of the obvious truth that to observe the whole, one 
must see its parts in continuity and normal relation. 

These two men, Peter and Huber, solved the problem of con¬ 
tinuity in their work by the method of maceration and dissec¬ 
tion. What I shall describe is an extension of this method in the 
field of both the normal and abnormal And since I wish to show 

1 Xieetare deliveied December 21,1944* 

102 , 
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the new directions that research in renal morphology can take 
with such a method rather than the detailed results of its appli¬ 
cation, I shall give only very general descriptions of where its 
use has led, in the hope that this will indicate how it may be used 
in further examination, and at times to a reasonable solution, of 
various questions of renal morphology and function. 

THE GROSS MORPHOLOGY OP THE ABNORMAL NEPHRON 

Huber and Peter having established the morphology of the nor¬ 
mal nephron, a pathologist would, I think, turn most naturally 
to the chronic forms of Bright ^s disease for examples of the abnor¬ 
malities that may develop under abnormal conditions. I only 
shall refer in passing to this, the first step, in our work, for its 
results have been fully reported (3). Infinite diversity perhaps 
sums up the myriad forms that the nephron may take under 
the stress of adverse circumstance, regressive change alternating 
with progressive, not only in neighboring nephrons but in the 
same nephron, and indeed within one morphological division of 
a single unit, such as the proximal convolution. One generality 
at least may be stated, that no particular alteration is character¬ 
istic of any particular form of Bright ^s disease. 

When the arrangement of these abnormal nephrons in the 
‘‘contracted kidney’’ is examined, two architectural end effects 
are seen. The kidneys from individuals in which the course of 
the disease has been continuous are of relatively uniform con¬ 
struction and show throughout simple regressive organ alteration 
(metallaxis), while in kidneys where remissions have broken the 
inexorable approach of renal failure, the anatomical evidences of 
reparative and progressive tissue response are found. The archi¬ 
tectural pattern in the two instances is therefore quite different, 
but, as in the deformed individual nephron, no form of altered 
kidney is peculiar to any type of Bright’s disease. By whatever 
course the end has been reached, the organ structure of con¬ 
tracted kidneys is similar. The clinician therefore need have no 
feeling of frustration if at the end he cannot differentiate one 
fthe other by functional means. 
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THE APPLICATION OP THE GROSS MORPHOLOGICAL FINDINGS 

TO FUNCTIONAL PROBLEMS 

Gross anatomical data, though not in themselves without attrac¬ 
tion to a certain type of mind, are generally admitted to gain 
greatly in importance if dynamic and living implications can be 
read into their dead immobility. In this worthy purpose, the 
dissected nephrons lend themselves well to the examination of 
experimental procedures, since the nephron as a unit and not, 
as in the histological section, a thin segment of its glomerulus or 
tubule is examined. For example in vital staining of the kidney 
with such dyes as trypan blue only an examination of them by 
this means can afford a demonstration of how these substances are 
handled by the normal nephron acting as a complete functioning 
unit or show what alterations occur in the functional mechanisms 
of the abnormal nephron (4, 5). It was found, as Suzuki (6) 
had concluded from his study of sections, that the dye was selec¬ 
tively absorbed and stored only in the proximal convolution of 
the normal nephron and in decreasing concentration as one de¬ 
parts from the glomerulus. Our study of abnormal nephrons 
from the kidneys of vitally stained dogs suffering from chronic 
canine Bright's disease revealed, however, marked differences in 
the way these nephrons handle the dye. One difference was 
purely quantitative, for the large hypertrophied nephrons ab¬ 
sorbed and stored the dye in a normal manner but in greatly 
increased amount. In this observation we find at least an indi¬ 
rect and partial answer to the frequent question as to whether the 
hypertrophied nephrons of chronic Bright's disease are not only 
bigger but really better. Nephrons of abnormal structure, with 
atrophied and atypical epithelium, showed on the other hand 
qualitative changes in their functional behavior, since they in 
part did not absorb and store the dye and under other circum¬ 
stances allowed it to diffuse into the tubule wall. 

The substances concerned in these experiments and the mecha¬ 
nisms involved are not those of normal physiological activity, but 
the observation of their derangement raises the question as to 
whether the methods of handling other equally foreign materials, 
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such as are used in '‘clearance’’ measurements, may not also be 
altered, and, consequently, if the application of these clinical tests 
to the abnormal or^an can be interpreted with the same signifi¬ 
cance as when applied to the normal organ. 

When this criticism was first made (5), the only comment 
deemed necessary by one reviewer was that it “stems largely from 
an improper understanding” (7, p. 307). A later examination 
of the question by other investigators, however, and this based on 
experiment rather than dialectic, has led them to the conclusion 
that the “use of diodrast plasma clearance as a measure of renal 
plasma flow and of inulin clearance as a measure of glomerular 
filtration is not justified in the uranium damaged kidney” (8, p. 
160). If this be true in the relatively simple derangements of 
the uranium lesion, how are we to interpret them in the struc¬ 
tural and functional complexities of a chronic glomerular ne¬ 
phritis? In answering this question either the experimental or 
the ratiocinatory approach (9,10) may be used. In awaiting the 
former, the morphologist can at least feel that his criticism was 
based on something more than his admittedly limited compre¬ 
hension of current functional theories, which have indeed “taken 
conceptual wings.” 

Another application of the method of dissection to the further¬ 
ing of functional study was the contribution of its advantages of 
continuity to Richards’ method of study of renal function (11). 
In the living amphibian kidney the nephrons may be seen and 
easily identified as they lie under the microscope during the re¬ 
moval of glomerular or tubular fluid from the functioning neph¬ 
ron. In the mammalian kidney all that can be seen is a congeries 
of tubules, so that although the experimenter can place his pipette 
within a tubule, he has no means of knowing from where his sam¬ 
ple has been obtained. It was possible, however, for us to dissect 
out the functioning mammalian nephrons that Doctor Walker 
had tapped, to identify the point where the pipette had pierced 
the wall of glomerulus or tubule and to measure its place in the 
nephron as a whole. By this means the absorption of sugar in 
the proximal convolution in the normal and phloridzinised ani- 
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mal was accurately followed and other determinations made of 
changes occurring in the glomerular filtrate during its passage 
down the tubule. 

To this point, I have considered work which has been com¬ 
pleted in the sense that its data have appeared in published form, 
but from now on I shall be describing results of unpublished work 
in progress. 

It would seem unnecessary to state that growth, the ever-visible 
correlation of function and structure in nature, can only be ade¬ 
quately examined by a method which measures the whole of the 
organ under investigation. Though a vast amount of work has 
been done in the past on growth of the kidney in relation to the 
work done by it, especially in the case of the so-called “compen¬ 
satory hypertrophy, “ yet in no case has this fundamental require¬ 
ment been met. We find instead, either that the sum total of 
many organs (nephrons) has been estimated by weighing the 
growing kidney or increase in a single dimension of some part is 
taken as an index of its growth; for example, the cross-sections 
of tubules have been measured and no consideration given to their 
length! During our earlier work when large nephrons were first 
seen complete (3), it became quite evident, that what had been 
suspected by the use of less adequate technique (12) was a fact, 
namely that all parts of the nephron do not respond similarly by 
growth to the stimulus of an added functional burden. Let me 
illustrate in a quantitative manner the complex relations that 
appear when the method of examination reveals the whole of the 
picture. 

In Figure 1 are shown camera lucida outline tracings of typi¬ 
cal dissected nephrons from rats whose kidneys were given me 
by Thomas Addis. These animals had been the subjects of an 
experiment devised by him to test the physiological effect of an 
added functional burden on the growth of the kidney. This was 
accomplished both by decreasing the amount of renal tissue that 
handled a constant load (compensatory hypertrophy) and by 
adding to the metabolic burden by increasing the protein contest 
of the diet 
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EFFECT OF WORK ON GROWTH OF NEPHRON 

STOCK DIET 189& PROTEIN 
30 DAYS 

BW 189 
KW 763 

Pv .100 

BWI19 
KW87I 
P» 213 

Fia. 1. of woric oa growth of kidxtey. 
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• At the top of the figure with its proximal convolution in black 
is seen a nephron at the beginning of the experiment from a 30- 
day-old rat on an adequate stock diet containing 18 per cent pro¬ 
tein. To the left, nephrons of a representative animal at 110 days 
are shown. Body weight had increased from 44 to 215 gm., the 
kidney weight from 400 to 1448 mg. and the volume of the proxi¬ 
mal convolution, as calculated from its cross-section and length, 
from 0.007 cu. mm. to 0.021 cu. mm. To the right are shown typ¬ 
ical nephrons of animals of the same age, but from which three- 
fourths of the kidney substance had been removed at 30 days. 
These animals may still be considered normal from the standpoint 
of their renal activity in the sense that their blood is still being 
cleared to a degree compatible with survival, but the remnant of 
their kidneys is doing the maximum that normal kidney tissue in 
this amount can do, for a further reduction results in renal fail¬ 
ure. It is apparent in the figure that the nephrons in this over¬ 
burdened remnant have grown much more than under normal 
conditions, and that their growth is not a simple over-all and pro¬ 
portionate increase in size of their parts but that the proximal 
convolutions have become disproportionately large. The volume 
of this part of the nephron has become about five times that of a 
normal convolution at this age, though the total kidney tissue, 
expressed by weight, has become only somewhat more than one- 
half of that of the normal. Clearly the increased weight of the 
kidney at the end of the experiment is not, therefore, a proper 
measure of the growth that occurred in the organ. 

It is when the growth of the renal tissue in this experiment is 
considered as a correlation between structure (size) and function 
(maintained blood clearance) that the discrepancy between 
weight (mass) of ‘‘kidney’’ and functional load contrasts most 
strikingly with the agreement observed between mass of the 
proximal convolution and functional work done. After three- 
fourths nephrectomy the “kidney” mass had only doubled from 
one-fourth and so restored only one-half of the original normal 
ratio between structural size and functional work done. The 
mass of one-fourth the original number of proximal convolutions 
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had, however, increased five-fold, which in view of the difficulties 
of measurement may be taken as an approximate demonstration 
of the restoration of the original structural-functional constant. 

As a matter of fact the morphologist had no need to feel dis¬ 
turbed as some have been (13) when during the course of the 
experiment he was faced with the discrepancy between ‘‘kidney'^ 
weight and functional output, for he could feel certain, since 
growth could have no meaning unless it is correlation of size and 
function, that he must be comparing the wrong things. The trick 
in the experiment came in discovering the equivalent entities, and 
these became obvious when the method used disclosed the func¬ 
tioning nephron as a complete unit. It could then be seen that 
its important functioning part, the proximal convolution was per¬ 
forming at the end of the experiment neither more nor less per 
gram of functioning tissue than it did under the original normal 
conditions. 

The proximal convolutions had therefore grown enough to 
restore the original structural-functional equilibrium and then 
stopped, although their capacity for further growth had not been 
exhausted. This is shown by the experiment of adding still more 
functional burden to the reduced number of nephrons. In the 
lower half of the figure are shown the results of increasing the 
protein content of the diet. The weight of the kidney increases, 
still inadequately to restore its original normal mass relation to 
body weight, i.e., functional metabolic load, but the proximal 
convolution grows to seven and then to ten times its usual size. 
Unfortunately this is either not enough or what is more likely 
it is an inefficient or abnormal” increase in size, for the kidneys 
of these animals fail to adequately maintain the physiological 
metabolic levels in the blood and renal failure develops. Associ¬ 
ated with functional failure structural abnormalities develop 
with plugging and dilatation of the tubules so that in the final 
complexity of the abnormal no analysis of exact relations is at 
present possible. 

It is an interesting fact, that though one can find innumerable 
studies on growth of the kidney under abnormal cireum- 
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stances, we have practically no information, save for weight- 
growth curves, as to how it grows under normal conditions. Since 
in post-natal life, except for its first period, the number of neph¬ 
rons is fixed, it is clear that only a knowledge of how the indi¬ 
vidual unit grows is of value. Peter (2) has given a few random 
measurements of the growth of the human nephron at different 
ages, but no proper statistical treatment of the problem exists. 
During the last year we have been trying to fill this hiatus and it 
has become progressively and I might add more painfully clear 
to us why it exists. For since not all nephrons start their growth 
at the same time and do not grow in the early period of life at the 
same rate, it becomes necessary to examine the various parts of 

^ each nephron in relation to itself. One cannot accumulate a great 
number of proximal convolutions, distal convolutions or glomeruli 
and thenr measure them “en gros.’’ The relation of each division 
must be compared to the other divisions of the same individual 
unit, which means that whole and complete units must be dis¬ 
sected out before any measurements are made. This we have 
done, measuring the diameters and lengths of glomerulus, proxi¬ 
mal convolution, Henle’s loop and the distal convolution. Since 
the mass of a functional unit would seem to be the most valuable 
structural datum for correlation with functional activity, the 
volumes of the various portions have been calculated. I cannot 
take time and space to give the statistical analysis of this ma¬ 
terial, but must ask you to accept the results presented as ade¬ 
quately controlled in that regard. 

The growth of an organ is commonly compared to many other 
varying quantities, such as in our problem, the volume of the dif¬ 
ferent parts of the nephron to time, body weight, body surface or 
kidney weight. All this has been done with results of varying 
interest, but I shall mention here only certain examples of rela¬ 
tions that bear on the functional aspect of the structure problem. 
For example, the rate of increase in no single part of the nephron, 
or for that matter in the sum of the growth increments of its 
paxtB^ bears any apparently useful relation to increase in weight 
of the kidney, though certain comprehensible relations do begin 
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to appear when body weiprht is used as a basis for comparison. 
This one miprht expect from the findinjrs of the previous experi¬ 
ment on f^rowth under functional overloading, and from the fact 
that other elements beside the nephrons, such as blood vessels and 
framework grow in both a positive and, in the case of the inter¬ 
stitial tissue, negative sense. 

The greatest degree of useful correlation appears however when 
the growth of individual parts of the nephron is compared to the 

GROIWTH or PARTS IN RtLATlON TO TOTAL NtPHRON GROWTH 

Fig. 2. Heterogonous growth of parts in relation to total nephron growth. 

growth of the sum of its parts and here the orderly relation 
appears not with all parts of the nephron, but with certain func¬ 
tioning parts; namely the proximal convoluted tubule and the 
glomerulus. Moreover, the relation is not arithmetical or geo¬ 
metric, but shows itself to be exponential. It is such growth 
increment that Huxley (14) has termed heterogonous growth, its 
characteristics being that plotting its data logarithmetrically pro¬ 
duces a straight line. It will be seen in Figure 2 that when the 
volume of the proximal convolution is compared logarithmetri¬ 
cally to the -^olume of the complete nephron an almost perfect 
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approximation to a straight line is produced. The same is true 
of the volume of the glomerulus, except that at 70 days, after 
onset of puberty, the slope of the line is abruptly shifted. A 
rapid increase in rate of growth produces at this point, in Hux¬ 
ley ^s terms, an increase in the heterogenous constant of growth, 
but progress bej^'ond this point is again in a straight line. The 
ascending limb and distal convolution on the other hand show a 
change in rate at each point of the curve and are characterized 
therefore by no growth constant of this sort. 

Heterogenous growth is a commonly observed biological rela¬ 
tion and in most instances it is an excessively functioning part 
of the whole which demonstrates its characteristics most perfectly. 
In Figure 2, examples taken from Huxley’s monograph are shown 
where, from beetles to baboons, heterogenous growth is evident in 
hyperactive claws and jaws. 

The common desire of both morphologist and physiologist is, 
I presume, a meeting of minds on the common ground of corre¬ 
lation of structure and function. In the good intent of this ideal, 
certain definitions and limitations are apt to be lost sight of, and 
a fundamental one illustrating the inherent pitfalls in the prob¬ 
lem of correlation is made manifest by the examinations of the 
renal tissue growth that I have described. Although it may ap¬ 
pear at first hand to have only a theoretical semantic interest, in 
fact such distinctions are of great practical importance, since 
much time may be lost both in talk and work unless they are 
appreciated. The gross anatomical and physiological term ^‘kid¬ 
ney,” for example, has no rational usefulness in a problem of 
correlation of structure and function unless it is applied strictly 
to a homogenous packet of equivalent nephrons, so long as the 
functional work of the organ is expressed, as it always is at pres¬ 
ent, by the total output of the organ. Even a normal kidney” 
increasing in mass by normal physiological growth does not fulfill 
this requirement, for changes occur in the relative proportions of 
its functioning parts and as we have seen the mass of the ‘^kid¬ 
ney does not correlate with work done by it. On the other hand, 
certain types of abnormal “kidney” such as acute damage follow- 
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inj? the injection of a toxic a^ent, may by their uniform damage 
to all nephrons fulfill the definition of the problem. But in the 
abnormal '^kidney” as seen in chronic Bright's disease of any 
sort, where every nephron differs from its neighbor in both struc¬ 
ture and function no correlation can be expected when work or 
output is measured as the single algebraic sum of several million 
variables. 

THE CYTOLOGY OP THE NEPHRON 

Whatever the valued attributes of gross morphology, cytologi- 
cal detail brings us at least closer to that border, perhaps never 
to be reached, where structure and function operate in the living 
process. There has been so far in the literature no description of 
stained isolated nephrons beyond a casual statement by Huber, 
that his attempts to stain them had led to no worthwhile results. 
We have devised a method of staining the dissected nephron 
which notwithstanding certain difficulties reveals a wealth of 
cellular detail. In spite of the previous treatment with strong 
HCl, just as the tensile strength of the tubule is maintained and 
dissection made possible, so, except for the chromatin of the 
nuclei, the tinctorial properties of the cells persist to a surprising 
degree. The method in summary is a modified iron hematoxylin 
procedure, using ferric chloride as a mordant. With some deli¬ 
cacy of manipulation the dissected complete nephron may be 
gotten intact onto a slide and there stained and differentiated 
beneath the cover glass. Its substance is so fragile however that 
it cannot be cleared in the usual media since shrinkage occurs 
with the removal of its water content. When examined, the speci¬ 
men, consisting of the entire organ, is thick as compared with the 
histological section, but nevertheless appearances are noted that 
are missed entirely in section and continuity of structure is of 
course maintained. 

Little in detail can be said at this time of the cytology of the 
normal nephron. I unfortunately cannot show you the complete 
picture of the constantly shifting pattern as one passes from one 
division of the tubule to the next, since the size of plate required 
to show a tubtHe, say 1 cm. in length, at a magnification adequate 
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to show detail, perhaps 150 times, would be available only in the 

Sunday rotog:ravures of the past. The gradual progression of 

infinitesimal change in the mitochondrial apparatus of the proxi¬ 

mal convolution for example, first suspected by Suzuki (6), and 

which is duplicated in no other part of the tubule of the nephron, 

is something which must be seen if its exquisite gradation is to be 

appreciated. It is gratifying indeed that the one metliod should 

thus reveal both the perfectness of this decreasing structural 

gradient and, as in the experiments with Walker (11), the analo¬ 

gous similarly gradual functional decrease in absorption. 

Certain elements of the normal nephron which are not apparent 

in sections become clearly visible in the complete stained nephron. 

The diverticula so common in the distal convolution and so very 

rarely found on any other part of the tubule, are shown in Fig¬ 

ure 3. They seem to bear no relation to any abnormality of the 

renal structures though they do increase with age. For the 

pathologists, I would add that diverticulitis has not been ob¬ 

served. It also becomes apparent in dissected vessels that the 

Fig. 3. Diverticula on distal convolution from a normal human kidney. 

Their common occurrence is indicated by their chance appearance in Figures 

14 and 28. Magnification 200 x. 

Fig. 4. A terminal branch of an interlobular artery from a human kid¬ 

ney showing spiral arrangement of the muscle bundles. Magnification 200 x. 

Fig. 5. A glomerulus with an afferent arising from the interlobular 

artery of elephant kidney showing spiral muscle bundles in the former. 

Magnification 57 x. 

Fig. 6. A connecting tubule joining a peripheral collecting tubule from 

kidney of rat. Against the light background of the epithelial cells are 

seen the dark intercalated cells. Magnification 90 x. 

Fig. 7. Higher magnification of a peripheral collecting tubule showing 

the detail of the intercalated cells. Note the dark granules which fill 

their protoplasm. Cf. also Figure 32. Magnification 1200 x. 

Fig. 8, Junction of a distal convolution and a connecting tubule from 

rat ^8 kidney. Above is seen the regular pattern of the densely granular 

epithelium of the distal convolutionj below the.scattering of the granular 

intercalated cells along the clear wall of the connecting tubule. Magni¬ 
fication 500 X. 
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muscle fibers in both the interlobular artery (Fig. 4) and in the 
afferent arteriole (Pig. 5) are arranged in the spiral bundles of 
a helix. The functional implications of a helical contracting sys¬ 
tem, not only in the renal arteries, but generally in the systemic 
arterial system, have at times in the past been discussed as theory, 
but that such an arrangement has been objectively demonstrated 
in our laboratory as fact by Strong (15) does not seem to have 
become generally recognized. 

And finally what might be called the lost tribe of renal cells 
are again disclosed dispersed along the connecting and upper 
collecting tubules. Described in the 80’s as deeply staining ob¬ 
jects of inexplicable origin and function and then apparently for¬ 
gotten, these dark granular cells scattered on the background of 
the clear cells of the peripheral collecting system stand out in a 

striking pattern in the stained tubules (Pig. 6). On higher 
magnification the term ‘^intercalated’’ appears peculiarly appro¬ 
priate, as they clearly lie between and are compressed by the 
predominate cell of the tubule (Pig. 7). Their dark color is due 
to the presence of many coarse granules that fill their protoplasm 
and a clue as to their nature and origin appears, thanks to the 
continuity of the specimen. In Figure 8 is shown the transition 
between distal convolution above to connecting tubule below. 
The former is composed of evenly arranged cells filled with the 
mitochondrial rodlets peculiar to that portion of the tubule, and 
from this orderly arrangement there is quite literally a scattering 
of isolated granular cells along the connecting tubule. Remem¬ 
bering that in the embryo it is at this point that fusion of the 
nephrogenic tubule with outgrowths of the collecting ducts 

occurs, it seems reasonable to suppose that the intercalated cells 
of the adult kidney are embryonically misplaced members of the 
heavily granular epithelium of the nephron tubule. This conclu¬ 
sion is strengthened by the fact that they do not occur throughout 
the entire collecting system, but are limited to the neighborhood 
of its connection with the nephrons and also by certain functional 
similarities between these cells and the epithelium of the distal 
convolution to which we later shall refer. 
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Another structure of the nephron assumes a new and more 
tangible aspect in the stained dissections. This is that collection 
of cells of unusual appearance on the afferent, and at times effer¬ 
ent, arterioles to w^hich has been given the name of polar 
cushion,' ^ a modest and not inappropriately descriptive term. To 
others, it forms one part of an ideal, to the present time purely 
imaginative ‘‘juxta-glomerular apparatus of Goormaghtigh. ^^ 
The other element of this ‘‘apparatus’’ is the macula densa, a 
patch of cellular irregularity in the epithelium of the distal con¬ 
volution at its point of attachment to the glomerulus, and the 
combination has been described as the regulator of glomerular 
blood flow, operating automatically by changes, not defined, 
occurring in the fluid of the distal convolution. Not only does it 
thus become the chief regulator of renal activity, but the occa¬ 
sional presence of granules in its “ leiomyo-epithelioid ” cells sug¬ 
gests to some that, as an endocrine organ, it may be the source of 
“renin” and the regulator of the systemic blood pressure as well. 

Such is perhaps the most elaborate form that a statement of 
our knowledge of these structures takes. So far as I know, no one 
has ever stated the case in its contrastingly simplest form. Over 
and against the description of the “apparatus” as it exists in the 
realm of pure reason one might then set the picture seen in the 
harsher lineaments of structural actuality. Unfortunately, that 
picture, as it is derived from the study of histological section 
alone, cannot be clearly drawn, for I think it is fair to state that 
there is quite general disagreement on almost every point. The 
cushions on the afferent arterioles are often at best a vague scat¬ 
tering of nondescript, a term I prefer to “leiomyo-epithelioid,” 
cells and as a rule there are no granules to be seen. It is generally 
admitted that the frequency, size and cellular content of the 
cushions vary with species, age and even in different parts of the 
same kidney. The only functional correlations that have been 
attempted, those of size of cushion and granularity of cells with 
a state of hypertension, have proven dubious. In examining a 
section of any kidney, one seems always to find more epithelial 
macula densa than arteriolar cushions, a discrepancy which is not 
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easily reconciled with the concept that two elements are recipro¬ 
cating halves of a single apparatus. 

^ Prom all that is factually known, therefore, both cushions and 
maculae might be regarded simply as structural modifications, the 
result of mechanical stresses, in the one case acting on the endo¬ 
thelial and muscular elements of a thin-walied arteriole which 
from its location is under peculiar functional strain, and in the 
other acting mechanically through the fibrous attachment of 
glomerulus to tubule. The presence of granular cells is, 1 will 
admit, not accounted for by this statement of the case, but I 
prefer to leave one structural stone as yet unused rather than for 
the sake of architectural elaboration erect such a baroque facade 
of speculation and hypothesis. And so, as Homer Smith sug¬ 
gested in his lecture to your Society in 1939, ‘‘it would seem that 
the normal kidney could be profitably re-examined.” I would 
add, that a new method of examination might be tried. 

In the first instance the method of dissection makes possible a 
proper statistical examination of the problem, for afferent arteri¬ 
oles in great number may be dissected from a kidney and the 
presence or absence of the cushions easily noted. We have as yet 
made no such formal study, but casual observation has made it 
evident that there is little consistency in the occurrence of them 
in the kidney of the normal animal of any species, for a spray of 
a dozen glomeruli and their afferents from a single inter-lobular 
artery may show only an occasional cushion. If the nephron 
depends on this element of the “apparatus” for the regulation 
of its activity, many are therefore uncontrolled. 

Fig. 9. An afferent arteriole and glomerulus from the kidney of a eat 

showing lateral view of the large projecting polar cushion. Magnihcation 

200 X. 

Fig. 10. £dge-on view of the same specimen. Magnihcation 200 x. 

Fig. 11. Afferent and efferent arterioles and glomerulus from kidney of 

the dog. Note the large nucleus with nucleolus in a ‘ * myoepithelioid ^ ’ 

cell on the upper margin of the spindle-shaped polar cushion. Magnifi¬ 

cation 200 X. 

Fig. 12. A polar cushion on an afferent arteriole from the kidney of a 

rabbit. The large peculiar cells of the cushion are well shown. Magni- 

^cation 4fi0 x. 
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On the other hand, the dissected material makes clearly evident 
what was never apparent in the histolofrical section, namely that 
the cushion is not a tissue, but at least in the structural sense, a 
definite orj^an in its own ri^ht, the shape, size and topographical 
relations of which are peculiar to each sx^ecies. In Figures 9 and 
10 are seen in profile and edge-on, the large, flat, spur-like mass 
of the cushion of the cat. In the dog (Fig. 11) a rounded spindle¬ 
like form of somewiiat lesser size is i^resent; in the rabbit (Fig. 
12) the cellular mass is less compact and regularly contoured and 
still smaller. In all the afferent vessel passes through the tissue 
mass excentrically. The pig, rat, guinea x)ig and man all show 
these tissues arranged in definite organ architecture, and one 
could in many instances at least, identify the species by the 
api)earance of the cushion alone. 

Due to the thickness of the specimen, the cytological elements 
of these structures are less clearly seen than in histological sec¬ 
tion and though the morphological peculiarities of the strange 
cells that compose them may be distinguished (Figs. 11, 12), 
nothing new of interest is disclosed by the method. For the same 
reason the macula densa, obscured in the depths of the tubule 
wall has not been examined, though I am sure that special means 
would make it visible and its topographical relations to the 
cushion might then be more accurately determined. 

CYTOLOGICAL LOCALIZATIONS OF METABOLIC ACTIVITY 

IN THE NEPHRON 

Localization of various metabolic processes in certain parts of 
the tubule is a concept that has received much support both from 
functional and histological investigation. Again it is self-evident 
that completeness of morphological data in this problem can be 
only obtained when the cellular detail of the entire nephron is 
examined as a unit in its natural continuity. Since we are now 
able to study the cytological characteristics of complete specimens 
this fundamental requirement has been met and the following 
summary of work in progress will show the extent to which the 
method has been used and indicate the possible extension of its 
advantages to other problems of similar nature. 
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ALTERATIONS IN CARBOHYDRATE METABOLISM 

As I have previously shown you, the method of dissection has 
made possible the definitive observation by functional experimen¬ 
tation that sugar is absorbed normally in the first half of the 
proximal convolution of the mammalian nephron. The localiza¬ 
tion of carbohydrates by observation of structural change in the 
dissected nephron is limited however to an examination of those 
substances that leave evidence of their accumulation within the 
renal cells by the production of intracellular spaces. Such spaces, 
formerly filled with glycogen, are found in the tubular epithelium 
in diabetes. That the huge foam-like Armaiini-Ehrlich cells dis¬ 
tend the swollen tubule is plainly evident in histological section, 
but the decision as to what part of the nephron is involved is more 
difficult. According to most authorities these cells are limited 
to the ascending limb of Henle^s loop, to others they are found 
only in the proximal convolution and to some they are present in 
both. 

It is a simple matter to dissect out complete nephrons from 
the kidneys of human diabetics and in the stained specimens it is 
readily seen (Pigs. 13, 13a) that the terminal part of the proxi¬ 
mal convolution is the only portion in which distension and 
vacuolization of the cells occurs. The degree and extent of the 
resulting deformation of the nephron is also much more apparent 
than it is in the histological section. 

It must be clearly understood that the appearances just de¬ 
scribed are not to be taken as the complete picture of the glycogen 
content of the nephron. As a glance at a section stained specifi¬ 
cally for glycogen makes evident, a more moderate and finely 
divided increase in this substance producing no vacuolization of 
the cells occurs generally not only throughout the nephron but in 
other tissues and organs as well. This diffuse deposit is not 
visible in the heavily stained dissected nephrons though it may 
be suspected by the more lightly staining cytoplasm of the cells 
in certain regions. Such a region is found in the terminal broad 
portion of the ascending limb just below its junction with the 
distal convolution Pig. 14). To summarize then, in human dia- 
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betes glycogen is deposited in greatest amount in the terminal 
proximal convolution and only here is deformity of cells and 
tubules produced, though there is evidence that a very much 
lesser increase may produce barely visible protoplasmic disturb¬ 
ances in the terminal segment of the ascending limb. 

An examination of animals (rats, cats and dogs) made diabetic 
by pancreate(*tomy shows an interesting species variation in the 
handling of the carbohydrate. I am endebted to Doctors Baton 
McKay of La «Jolla and P. D. W. Lukens of the University of Penn¬ 
sylvania for this material. In the first place, it is diflScult to 
produce glycogen increases in the kidney sufficient to be visible 
as vacuoles in the renal epithelium even when chemical examina¬ 
tion shows a considerable increase in the renal tissues. When the 
acicumulation of the typical Armanni-Ehrlich cells is produced, 
fiowever, it is always in the ascending limb and only in that termi¬ 
nal segment adjacent to the distal convolution where evidences of 
slight deposition were observed in the human nephron. In no 

Fig. 13. Complete glomerulus with afferent and efferent arterioles and 
proximal convolution from the kidney of a human diabetic. The specimen 
is over-stained to bring out contrasts between those cells which contain no 
excess of glycogen and which are densely black and the clear Armanni- 
Ehrlich cells which are distended with vacuolar spaces which contained 
glycogen. The latter are found only in the terminal segment of the jirox- 
inial convolution. Magnification 26 x. 

Fig. 13a. Detail from same preparation of a distorted sw’elling on the 
terminal segment of the proximal convolution showing the mosaic pattern 
of Armanni-Ehrlich cells. Magnification 100 x. 

Fig. 14. The ascending limb and distal convolution, with diverticula, 
of the same nephron as Figure 13. There is no visible glycogen in the 
densely stained distal convolution or in the more slightly granular ?ells of 
the lower part of the ascending Hmb. In the upper portion of the latter 
just before its passage into the distal convolution there is, however, a 
considerable infiltration with glycogen as evidenced by the increased clarity 
of the cells. There is no deformity.of the tubule and no production of 
the Armanni-Ehrlich type of cell. In the dog, cat and rat the localization 
of these changes is the converse, Armanni-Ehrlich cells occurring only in 
the upper ascending limb, never in the proximal convolution. Magnifi¬ 
cation 26 X. 
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case has accumulation in the proximal convolution, if x>resent, 
been sufficient to be visible. 

THE METABOLISM OP FATS 

It has lon^ been known that in certain species fat in visible 
form appears normally in the tubule cells of a certain limited 
part of the nephron. In the cat this deposit is in the upper half 
or two-thirds of the proximal convolution, the medullary portion 
remaining free. In the dog the converse is true. In the cat, then, 
one might suppose that the distribution w^as similar to that of the 
vital dye previously described, which, beginning in greatest con¬ 
centration at the glomerulus gradually decreases. An examina¬ 
tion of a complete proximal convolution of a cat shows that this 
is not so. The fat is in equal concentration from its origin until 
the end of the infiltrated portion is reached and there it abruptly 
ends. There is nothing therefore in the distribution of the drop¬ 
lets to suggest that the fat has been absorbed, as was the dye, from 
fluid passing dowm the tubule lumen, but rather there is the ap¬ 
pearance as if it had accumulated there because of some peculiar 
localized metabolic condition within the cells of this portion of 
the convolution. This supposition is strengthened by the con¬ 
verse limitation of the fat in the dog^s convolution to its terminal 
segment. 

Fig. 15. A complete nephron from a human kidney of lipoid nephrosis. 

The greatly swollen proximal convolution is seen to be irregularly infil¬ 

trated with brightly refractile fat. The normal ascending limb and distal 

convolution which contain no excess of fat lie to the right. Magnification 

16 X. 

Fig. 15a. Detail of a group of tortuous coils in the terminal segment of 

the proximal convolution, a distortion which has been produced by the 

intense deposit of fat in the epithelial cells. Magnification 48 x. 

Fig. 16. Proximal convolutions from the same kidney stained, with cad- 

mium-Sudan III. In the upper specimen all cellular detail is obscured by 

an intense infiltration of fat in the form of fine fat droplets. In the lower 

specimen the deposit of dark stained fat is more patchy and so intense 

as to cause bulging of the swollen cells through the membrana propria. 

Magnification 100 x. 
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Since Richards’ demonstration of the importance of tubular 
absorption, it has become the mode to explain intracellular ac¬ 
cumulation in the tubule as the result of absorption of materials 
from the lumen fluid. But the diflSculties in the way of accep¬ 
tance of this mechanism in the case of the normal ‘‘fatty infiltra¬ 
tion” of the cat and dog kidney become even greater when the 
abnormal accumulations in the tubule cells of lipoid nephrosis in 
man are examined. In Figure 15 is shown a complete unstained 
nephron from a kidney of this condition. The brightly retractile 
fat distends the cells of the proximal convolution and the degree 
of this infiltration may be appreciated by its contrast with the 
non-fatty, almost invisible delicate contours of the ascending limb 
and distal convolution which twine about it. But in the proximal 
convolution there is no regularity of deposit, for though all its 
cells contain fat, in the middle of its terminal portion the depo¬ 
sition abruptly becomes so intense that the tubule is thrown into 
a mass of tortuously kinked, swollen coils (Pig. 15a) beyond 
which it again assumes its distended but regularly contoured 
course. To assume that such a localized distortion could be the 
result of suddenly increasing absorption from the tubule lumen 
would seem to raise more difficulties than it settles. One hesitates 
to speak of cellular “degeneration” in these days, but there does 
seem to be something “wrong” with the tubule cells. 

Figure 16 shows the details of the appearances at higher magni¬ 
fication of infiltrated proximal convolutions when stained with 
cadmium-Sudan III mixture. In the upper convolution is seen 
an even dilatation of cells, so filled with fine fat droplets as to 
obscure all cellular detail. In the lower tubule the “bouffant” 
effect is not due, as would appear at first glance, to the develop¬ 
ment of diverticula, but to herniations of swollen cell substance 
through the confines of the limiting membrana propria. Here 
again it would appear certain that some intraecHular alteration 
must be the origin of any such pressure from infiltrating fat. 
A simple exaggeration of a normal absorptive process seems at 
least inadequate. 
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DISTURBANCES IN THE HANDLING OP MINERAL SALTS 

The example of a disturbance in the metabolism of a mineral 
salt most commonly seen in the kidney is the precipitation of Ca 
salts in its tissues. Whenever cells of the tubule die from any 
cause, they may, if local metabolic conditions are proper, become 
the seat of calcification. The example of the calcified debris in 
the sublimate kidney is a well known example. 

In other instances a general disturbance in the metabolism of 
Ca and P seems the primary trouble, such as that associated with 
functional hyperactivity of the parathj^roid. We have not as yet 
been able to examine the renal lesions of these conditions, but 
have noted the occurrence of deposits of calcium salts when phos¬ 
phates are added in considerable amount to the diet of rats (16). 
Under these circumstances the cells of the terminal portion of the 
proximal convolution become heavily infiltrated with Ca salts. 
Most unfortunately, as will be evident in what follows, our obser¬ 
vations were made by means of histological sections only. In a 
later study of the same jiroblem Mac Parlane in Glasgow (17) 
confirming the deposition of the Ca in the renal cells, placed the 
site of deposit in the ascending limb. To settle this disagreement 
as to what part of the nephron is involved, a later dissection of 
the nephrons by us and staining of the cells and Ca in the con¬ 
tinuity of the complete specimen definitely showed that both ex¬ 
perts were both right and wrong. In Figure 17 it can be seen 
that we had missed the deposits in the middle portion of the 
ascending limb seen by Mac Farlane and that the latter had over¬ 
looked the accumulations in the proximal convolution observed by 
us (Fig. 18). It may be noted in passing as an example of the 
nicety of the metabolic localizations observed in the tubule of the 
nephron, that the deposits of Ca are never present in that termi¬ 
nal portion of the ascending limb where glycogen accumulations 
are found. Again, then, we see that method settles immediately 
what might have become, as it was in the case of glycogen depo¬ 
sition, a minor polemic extending interminably as one investi¬ 
gator after the other put on record the results of a technique 
inadequate to his problem. The application of the method to 
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calcification seen after the experimental administration of para¬ 
thormone and viosterol may lead to similar clarifications in our 
present theory of the action of these substances in parathyroid 
disease. 

DISTURBANCES IN THE HANDLING OF PROTEINS 

The question as to the decree of permeability of the glomerular 
membrane to protein is quite naturally and properly answered 
by the physiologist and the pathologist each according to his 
peculiar convenience. To the physiologist it may be for practical 
purposes impermeable to protein and the glomerular filtrate can 
so be regarded as a protein-free ultrafiltrate. The pathologist, 
remembering that no other living membrane is protein-retaining, 
that mammalian glomerular fluid, wdien actually tested, can at 
best be said to contain not more than 0.025 per cent of protein 

Fio. 17. All ascending limb from the kidney of a rat fed on excess of 

phosphate. At the junction of the middle and lower third of the tubule 

is a swollen fusiform segment in which the cells are necrotic and infiltrated 

with calcareous material. The remainder of the tubule is normal except for 

the beginning of a similar lesion at the top of the figure. Magnification 150 x. 

Fig. 18. To the left a normal ascending limb from the kidney of the 

same rat. Note the normal pattern of the mitochondria. To the right is 

the terminal segment of the proximal convolution, the cells of which are 

infiltrated with calcareous salts. There is considerable necrosis and des¬ 

quamation of these calcified cells in the upper portion of the tubule. Mag¬ 

nification 150x. 

Fig. 19. Beginning and end of a complete nephron from a rat the re¬ 

duced kidney of which was excreting an excess of gelatin. To the left 

is shown the glomerulus and the first half of the proximal convolution. Its 

tubule is distended to a tube of flattened epithelium by long masses of 

coagulated serum and gelatin. Note the short collapsed empty segment 

in the center of the tubule. To the right the ascending limb of the same 

nephron passes upward to the loop of the distal convolution which then 

joins another connecting tubule to form the collecting tubule. This entire 

segment is similarly filled with coagulated protein and transformed into a 

thin tube of flattened epithelium. At the extreme right is another empty 

ascending limb and distal convolution in which the normal cellular pattern 

can be seen. Note that the protein has backed down a short distance into 

the connecting tubule of this unit. Magnification 55 x. 
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and that even the most moderate exertion, such as walking:, is 
commonly followed by its appearance in the urine in relatively 
gross amount, is inclined to believe that under the conditions of 
every-day practical existence some protein is quite regularly 
escaping into the glomerular filtrate. He is reinforced in this 
opinion by the thought that if only one 1/1000 of its concentra¬ 
tion in the plasma were to escape into the glomerular filtrate, the 
concentrating effect of vrater absorption by the tubule would 
show it ill the ultimate urine as a proteinuria of 0.6 per cent, 
unless some of it was absorbed by the tubule cells. The patholo¬ 
gist therefore is inclined to accept both glomerular passage and 
tubular absorption of protein as what might be called ‘‘quasi¬ 
normal ’ ’ mechanisms. 

There is a great deal of experimental support for the conclu¬ 
sion that the amphibian tubule can absorb protein (18) and some 
that this is true of the mammalian nephron. The evidence in the 
latter case is derived in great part from observations that gran¬ 
ules and hyaline droplets within the tubule cells are associated 
with proteinuria (19) so that the old “cloudy swelling^’ of paren¬ 
chymatous degeneration has become an “infiltration” and analo¬ 
gous, insofar as the external source of the intracellular protein 
is concerned, to that long recognized disturbance of fat metabo¬ 
lism. It is in explanation of the histological picture of “ne¬ 
phrosis” that these absorptive phenomena are drawn most heavily 
upon by the pathologist. It is possible however by the method 
of dissection to bring more objective data into the argument. 

If gelatin is given intraperitoneally to rats it is promptly ab¬ 
sorbed and excreted in large amounts in the urine. The kidneys 
of these animals increase as much as 30 per cent in weight and in 
histological section, a “protoplasmic disturbance” is seen within 
certain tubule cells that can be interpreted reasonably as evidence 
of tubular absorption of the gelatin. 

If complete nephrons are stained, considerably more informa¬ 
tion is obtained. Against the black background of the heavily 
stained mitochondria are seen clear empty globule-like areas 
which represent the spaces occupied by the foreign material 
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previous to the acid maceration (Pig. 20). The gelatin is found 
only in the cells of the proximal convolution, but its distribution 
is specific, differing from that of the vital dye, of fat and of 
glycogen. Moreover, differences of localization may be demon¬ 
strated between different preparations of gelatin. Pollowdng the 
injection of a calcium gelatinate the deposition begins in low con¬ 
centration near the glomerulus (Pig. 20, a), increases in the mid¬ 
dle portion of the convolution (Pig. 20, b) and becomes intense 
in its terminal part (Pig. 20, c). After giving a polymerized 
gelatin, the cells of the first part of the convolution contain only 
a moderate amount, those of the middle portion the greatest con¬ 
centration and in the terminal portion only traces are present. 

An even more striking demonstration of the absorptive process 
can be obtained if the polymerized gelatin is stained wdth a dye 
that is firmly bound to it before it is injected. The compound 
can then be seen in an unstained nephron as deeply colored 
blotches of dye in the tubule cells. The distribution of this ^ Wital 
staining is, however, entirely different from that of the usual 
vital stains which I have described before, but is identical to that 
of the vacuolar spaces observed with unstained polymerized gela¬ 
tin (Pig. 21). 

A similar accumulation in the proximal convolution of proteins 
of many sorts can be shown by the same procedure. Horse serum, 
or serum albumin, for example, resembles in its distribution 
polymerized gelatin, thfe greatest concentration of the intracellu¬ 
lar material appearing in the middle third of the convolution. 
In this region of maximum deposit the histological picture of 
extreme cloudy swelling with hyaline droplet formation is per¬ 
fectly reproduced (Pig. 22, b), while in the terminal portion only 
traces of protein are seen (Pig. 22, c). In these preparations the 
protein was stained by the usual histological technique after it 
had been deposited in the cells, for it is not dissolved out of the 
tissues by the maceration as is the more soluble gelatin. Serum 
albumin may also be stained previous to injection and is then 
seen in colored form with the same distribution as that of the 
native material. 
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Another abnormality in the handling of proteins by the neph¬ 
rons that exaggerations of moderate leakage through the glomeru¬ 
lar membranes may produce is the result of increase in the vis¬ 
cosity of the tubule fluid that occurs with increasing proteinuria. 
The mechanics of flow of the most dilute of glomerular filtrates 
down the narrow tortuous tubule is a matter of some mystery, for 
calculations by means of Poiseuille’s law of the pressure required 
to produce flow, end with theoretical magnitudes which cannot be 
readily comprehended (20). 

The practical results of increasing the viscosity of the tubule 
fluid above a critical point may be demonstrated experimentally; 
one has only to overload the nephrons with a protein that passes 

Fig. 20. To the left, a tracing of a complete proximal convolution from 

the kidney of a rat which was excreting calcium gelatinate. The small 

squares show the origin of the microphotographs. In a, the dark normal 

mitochondrial pattern of the tubule is preserved as there is little or no 

absorption of gelatin. In b, mid-portion of the convolution the closely 

packed globular clear si^accs occupied by absorbed gelatin, now removed 

by solution, are seen replacing the dark background of the mitochondrial 

pattern, and in c, terminal portion, the cells are completely filled with the 

material and so appear as light bands outlining the relatively dark lumen 

of the tubule. Magnification 450 x. 

Pig. 21. To the left a tracing of a complete proximal convolution from 

the kidney of a rat excreting large amounts of polymerized gelatin which 

had been stained before administration with an azo dye. Instead of the 

intracellular spaces of the preceding figure the insoluble dye-gelatin com¬ 

pound is seen within the cells. In a, is seen a moderate concentration of 

absorbed dye-gelatin in the first part of the convolution j in b, the heavy 

concentration in the mid-portion; and in c, the low concentration and 

absence of absorption in the terminal segment of the convolution. Mag¬ 

nification 200 X. 

Fig. 22. To the left a tracing of a complete proximal convolution from 

the kidney of a rat excreting large amounts of protein following injection 

of horse serum. The insoluble protein within the cells has been stained 

post-mortem with iron hematoxylin. In a, is seen the low concentration 

of absorbed protein granules in the first part of the convolution; in b, 

the greatest concentration in not only granular form but also as ** hyaline 

droplets,'^ and in c, an almost complete absence of absorbed granules. 

Magnification 200 x. 
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readily through the glomerular membrane. This can be accom¬ 
plished by reducing the number of nephrons to one-fourth their 
normal number by nephrectomy and administering gelatin in an 
amount that was previously easily handled by the kidney. The 
animals die in a few days of uremia in anuria. On examining the 
nephrons in dissected specimens, it is seen that most of them are 
distended and filled from glomerulus to far down into the collect¬ 
ing system with masses of coagulated protein (Fig. 19). These 
coagula are not pure gelatin, for hemorrhage in the glomerular 
tufts has added not only serum proteins but red blood cells to the 
gelatin-saturated tubular fluid. The entire nephron and beyond 
is thus occluded by a ‘‘cast” of its lumen. The same results are 
obtained if the experiment is repeated with other proteins, such 
as horse serum or bovine albumin. 

The phenomen of cast formation is one that has interested 
clinical students of Bright’s disease ever since Henle first recog¬ 
nized the significance of their appearance in the urine. But the 
pathologists have contributed little to our knowledge of these 
objects and have for the most part rather discounted their impor¬ 
tance in the pathogenesis of both functional and structural dis¬ 
turbances. Again we see the influence of a method which has 
directed the observers ’ attention away from structures that can¬ 
not be observed adequately by its technique, for it is not to be 
expected that much will be learned by random histological sec¬ 
tions of objects that run through great lengths of long and tortu¬ 
ous tubule. 

In the continuity of the dissected nephron the full significance 
of intratubular coagulation can be appreciated and the details of 
our first examination of the problem by these means will be found 
in another place (3). One result of this study is to be empha¬ 
sized, for in it is found a clue to what follows, namely that pri¬ 
mary casts or coagula are not found in all parts of the nephron 
indiscriminately, as the histological section would lead one to be¬ 
lieve, but occur in the lower half of the nephron, in particular 
the distal convolution and collecting tubules. It is here evidently 
that conditions most favorable to intratubular coagulation of pro¬ 
tein-containing fluid occur. 
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In recent years a considerable group of clinical disturbances of 
widely varied origin have been recognized which, beginning with 
no primary renal lesion, terminate in renal failure and anuria. 
When the kidneys of these cases are examined in histological sec¬ 
tion many of the tubules are seen to be filled with coagulated 
protein. Perhaps in part because of its lack of imaginative 
appeal, most clinical students have shied away from the obvious 
conclusion that fluid cannot flow readily through plugged con¬ 
duits and searched elsewhere for their explanations of the oliguria 
or anuria. It is certainly true that an oliguria, due to lessened 
renal blood flow, might in certain cases well be the important 
antecedent factor in the causation of the coagulation, but the mor¬ 
phologist who depends on what he sees and what he can touch and 
feel perhaps more than on higher intellectual means of percep¬ 
tion, can only believe that, in the last analysis, water cannot flow 
through stopped pipes. 

Among the conditions where anuria and occlusion of tubules 
is observed are those where hemolysis in vivo has flooded the 
nephron with a tubule fluid rich in hemoglobin. This occurs after 
transfusion accidents and here the distal convolutions and the 
collecting tubules are found filled with brownish coagula. The 
appearance in the dissected nephrons and tubules is much more 
impressive than when viewed in the single slice of the histological 
section, for now the whole tortuous coil of a distal convolution 
is seen distended with coagulum or stretches of tubule in the col¬ 
lecting system a centimeter in length are completely occluded 
(Pig. 23). In blackwater fever the same appearances are noted, 
but in an exaggerated form. Practically all the distals and even 
ascending limbs are blocked as well as the greater part of the 
collecting system (Pig. 24). But even in this extreme example 
of intratubular coagulation the proximal convolution, though it 
may be filled with accumulations of debris from damaged epi¬ 
thelium does not show the presence of primary protein coagula. 

Another condition in which occlusion of the tubule by coagu¬ 
lated protein has long been recognized is that accompanying the 
Bence-Jones proteinuria commonly associated with multiple my- 





RENAL MORPHOLOGY 137 

elomata. Here great stretches of nephron tubule and of the col¬ 
lecting ducts are filled with solid occlusions of the protein body 
(Fig. 25) and the resulting distensions, deformities and atrophies 
are perhaps the most extreme alterations in renal architecture 
that are observed as a result of tubule blockage (Pig. 26). Here 
too is found an exception to the prevalent rule, for in certain 
cases, the proximal convolution is also distended and filled with 
the coagulated protein (Pig. 26, a, b). 

There are two other conditions of interest in which occlusion 
of the nephron and renal functional disturbance have recently 
been noted. One is the kidney of the ‘ ^ crushsyndrome, where 
several days after the extensive crushing of tissue that not infre¬ 
quently occurs in bombing, anuria develops and death occurs in 
renal failure. Dunn, Gillespie and Niven (21) have shown in 
sections of these kidneys that the ascending limbs and distal con¬ 
volutions are filled with coagula of protein which contain blood 
pigments and that the tubule itself is also damaged, at times to 
the point of disruption. 

In the dissected specimen these lesions stand out in striking 
clarity. In figure 27 portions of two distal convolutions are 
shown. In Figure 27, a, the intact evenly regular epithelium may 

Fig. 23. Not a diagram but a collection of camera lucida tracings of 

actual nephrons dissected from the kidney of a transfusion accident. The 

arteries and glomeruli are shown in solid black as are occluding masses 

(casts) of hemoglobin-protein. Note that these occur only in the distal 

convolutions and collecting tubules. Magnification fix. 

Fig. 24. A similar preparation to the preceding figure from a kidney of 

blackwater fever with death in anuria. The black occluding masses in 

collecting tubules and distal convolutions are more extensive and run down 

into the ascending limbs of Henle’s loop, but there are no coagulated masses 

in the proximal convolution. Note the dilatations of Bowman’s space in 

the glomerular capsules. Magnification fix. 

Fig. 25. A similar preparation from a kidney of Bence-Jones protein¬ 

uria associated with multiple myelomata. The coagulations of this protein 

body are shown by cross-lined shading. Collecting tubules, and all parts 

of the nephron including the proximal convolution are filled with extensive 

occlusions. The details of the resulting distortions of the nephrons are 

shown in the next figure. Magnification 6 X. 
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be followed from above downward to the point of rupture and 
here proliferating interstitial connective tissue surrounds and 
invades the disrupted tubule. Below this point there is less severe 
damage to the tubule wall and in the irregularity of its epithelium 
is seen the evidence of regenerative repair. In Figure 27, b, the 
lower half of the tubule is completely filled with a solid eoagulum, 
whose deep tinge with hematoxylin shows its hemoglobin content. 

A somewhat similar disruption of the distal convolution, though 
the intratubular coagulation is not so regularly present, has been 
described in histological sections following the accumulation of 
sulfathiazole crystals within the tubule (22). Here too the full 
significance of the lesion can be better appreciated by its appear¬ 
ance in dissected material. In Figure 28 a distal convolution, 
covered with diverticula, which bear no relation to the lesion, is 
shown in two magnifications. The crystals have disappeared in 
solution, but the disruption of the tubule wall is well shown by 
the fragments of epithelium scattered among the invading pro¬ 
liferation of connective tissue. 

It is evident, therefore, that in many renal disturbances an 
important part of the pathogenesis of the structural lesion is an 
intratubular coagulation of fluid rich in protein; in Bright's dis¬ 
ease this is a most important factor in the production of alter¬ 
ations in organ architecture (3), while in renal disturbances of 
the most varied origin it plays at least a subsidiary role in the 
production of functional disturbances. And similar coagulative 
phenomena must be responsible for the “casts” in the urine that 

Fio. 26. Drawings of dissected nephrons from the kidney of the preced* 

ing figure showing the deformities produced by the occluding masses of 

Bence-Jones protein. In a, extensive distension with a solid mass of pro¬ 

tein in the proximal convolution; in b, the terminal portion of the proximal 

convolution is occluded and there is a marked atrophy of its first part; in 

c, the coagulated protein distends the distal convolution while the proximal 

convolution is free and dilated; in d, the distal convolution is greatly 

distended and occluded by solid protein coagula and there is extreme 

atrophy of the nephron above this point. Ip e, the occluding mass fills 

the ascending limb. In f and g, distorted remnants of atrophic nephrons 

are shown. Magmfication 12 x. 
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are, along with the proteinuria, the classical evidences of renal 
damage. What, then, do we know of why and how fluid Coagu¬ 
lates within the tubule lumen? 

In 1895 the Danish biochemist K. A. H. Moerner (23) described 
the presence in normal urine of a substance which precipitates 
protein. An elaborately complete chemical study showed that 
this substance was not a nucleoprotein, that on hydrolysis a 
reducing substance was liberated from it and that analysis of the 
compounds which it formed with the precipitated protein con¬ 
tained N, C and S in approximately the proportions that would 
be expected if the precipitating substance was chondroitin sul¬ 
furic acid. Since chondroitin sulfuric acid was known to be a 
strong precipitant of protein Moerner concluded that it was the 
precipitating substance in the normal urine. Following Moer¬ 
ner’s work there has been at times casual clinical interest in what 
was accepted as *' chondroitinuria, ” but in none of these investi¬ 
gations was the chemical identity of the urinary substance exam¬ 
ined until 1927 when Addis (24) suggested on the basis of chemi¬ 
cal analysis of hyaline casts that they might be urinary protein 

precipitated by chondroitin sulfuric acid. Other biochemists, 
however, whose special interest has been the study of the muco- 

Fig. 27. Distal convolutions from a kidney of ‘‘crush anuria.’^ In the 

upper part of a the normal even pattern of the epithelium is seen while 

in its mid-portion the rupture of the tubule is evident with proliferation 

of the surrounding interstitial tissue which was so adherent to tubule at 

this point that it could not be removed by dissection. Below the irregu¬ 

larity of the regenerating epithelium is seen. In b, the tubule has not 

ruptured, though there are slight connective tissue adhesions about it. The 

upper half is lined with irregular regenerating epithelium, while in the 

lower half, the epithelium is compressed and obscured by a coagulum of 

hemoglobin containing protein. Magnification 180 x. 

Fig. 28. A distal convolution from a case of sulfathiazole damage. In 

its mid-portion the tubule has burst apart and fragments of its epithelial 

wall are seen lying among the proliferating connective tissue which invades 

the ruptured tubule. These details are better shown in the high power 

insert. Note the casual finding of diverticula on this distal convolution, in 

particular the huge pedunculated object which is filled with inspissated 

material. Magnification 54, 90 x. 
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polysaccharides and glycoproteins, have been unable to identify 
chondroitin sulfuric acid in the urine. Doctor Karl Meyer tells 
me that in the concentrate of several hundred liters he'was unable 
to demonstrate its presence. 

In 1935 Lison (25) in his study of metachromatic staining 
showed in an extensive examination of both natural substances 
and substitution products especially prepared for his crucial ex¬ 
periments, that the property of inducing this reaction in toluidin 
blue is peculiar to those compounds of large molecular size that 
are in combination with the sulfuric acid radicle. Of tissue com¬ 
ponents the mucopolysaccharides, chondroitin and mucoitin sul¬ 
furic acid are the common examples of this nature. A confirma¬ 
tion of the essential details of these conclusions is found in the 
work of Bank and deJong (26). The dependability and practical 
usefulness of the metachromatic reaction may be appreciated 
when it is recalled that it was by its use that Jorpes was led to 
the identification of heparin as a mucoitin-sulfuric acid (27). 

On the foundation of Moerner’s and Lison’s work certain sim¬ 
ple experiments may be devised in which the presence of a pre¬ 
cipitating body in the urine is tested, and the varying conditions 
are examined which occur in the tubule fluid and which might 
affect intratubular coagulation. The relation of these coagulative 
phenomena to the reaction of metachromasia can also be exam¬ 
ined. The same procedures may then be used to compare the 
behavior of a weak solution of chondroitin sulfuric acid in 
regard to both coagulation and metachromasia. It will be Under¬ 
stood that no rigorous physical-chemical examination of the com¬ 
plexities in behavior of protein solutions is to be expected from a 
morphological pathologist, and what follows is offered only as pre¬ 
liminary spade work which may disclose a field worthy of more 
competent labor. 

In Table 1 the results of adding a solution of low concentration 
of protein (horse serum or serum albumin) to weakly acidified 
normal urine and to decreasing concentrations of aqueous solu¬ 
tions of. chondroitin sulfuric acid are shown. It is seen that a 
faint precipitate forms in the urine, while a heavy precipitate is 
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observed with the chondroitin sulfuric acid which decreases to a 
degree comparable with that seen in the urine at a dilution of 
1/40,000. 

If the protein precipitates formed in these tubes are suspended 
in finely divided form in water and added to tubes containing a 
dilute solution of toluidin blue the metachromatic reaction be¬ 
comes visible. In tube 5 of Table 1 the protein precipitate was 
heat-coagulated serum and so serves as a control for the series, 
for it will be observed that the dye retains its orthochromatic pure 
blue tone. In the second, third and fourth tubes with the protein 
precipitate by chondroitin sulfuric acid is seen the full develop¬ 
ment of the reddish-violet tone of metachromasia. In the first 
tube the unwashed protein precipitate from the urine shows a 
distinct alteration in tone but this is far from the frank reddish- 
violet of a full metachromatic reaction. If this urine precipitate 
is washed several times in distilled water and then tested in the 
dye solution, full metachromasia is observed. Evidently then 
there are urinary substances in the precipitate, readily removed 
by washing, that interfere with the reaction. It will be remem¬ 
bered that the precipitation of protein in the presence of normal 
urine was also very slight, a point to which we shall later return. 

TABLE 1 

Protein Precipitation hy Normal Urine and ChondroUim SvXfurie Add 

Icc. urine (Ghond. SO*) +1 cc. 1/64 Berum +1 cc. 1/10 aeetic 

Ppt. Metachrom. 

Tube 1. 10 cc. normal urine.. + +* 
Tube 2. 10 cc, 1/10,000 Ghond. SO*-- +f 4+ 

Tube 3. 10 cc. 1/20,000 __ +f 4+ 

Tube 4. 10 cc. 1/40,000 - + 4 
Tube 5. 10 cc, H,0—(boiled) .... •H+ — 

* Metachromasia indefinite until after washing precipitate. 

Explanation of metachromatic s^bols in all tables. 

++=strong violet-red. 

-f = definite reddish-violet* 

* [ ’t ^ faint violet tone of blue. 

>- spuio blue (orthoehromaMa). 
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An examination of factors present in normal urine that inter¬ 
fere with the development of metachromasia is shown in Table 
2. The first tube serves as a control showing the true blue of the 
orthochromatic dye. To all the other tubes of toluidin blue a rela¬ 
tively large concentration, 1/10,000, of chondroitin sulfuric acid 
has been added, along with various urinary constituents. The 
second tube does not contain any urinary substance, but is made 
in aqueous solution and in it fully developed violet-reddish meta¬ 
chromasia is seen. The remaining tubes all show a modification 
of the pure orthochromatic blue, but in none has the chondroitin 
sulfuric acid produced its full effect. The tube containing urine 

TABLE 2 

Interference with Metachromatic Eeaction 

Meta- 
chrom. 

Tube 1. 10 cc. HjO. + Toluidin blue + No Chond. 8O4 - 

Tube 2. 10 cc. HjO. {( 
1/10,000 Chond. SO4 ++ 

Tube 3. 10 cc. urine. i ( (< green 

Tube 4. 10 cc. urine salts (( it ± 

Tube 5. 10 cc. 1.6% urea (t i t ± 

Tube 6. 10 cc. dial, urine t i t i ± 

has a greenish cast from its yellow pigment; the ‘‘urine salts,” 
sodium phosphate and sulfate in aqueous concentration approxi¬ 
mating that of normal urine of 1.020 specific gravity, and the tube 
with 1.6 per cent aqueous urea are a muddy off-tone of blue, while 
urine dialyzed to a practically chloride-free content also prevents 
any more than a moderate change in the color of the dye. Evi¬ 
dently then, both dialyzable and non-dialyzable substances in the 
urine inhibit the metachromatic reaction with chondroitin sul* 
furic acid. It would be interesting to know, therefore, if the 
dialyzable substances also interfere with the development of the 
coagulative phenomena when precipitation of protein is occurring 
in normal urine. 

The dispersive action of urea comes to mind. A sample of 
normal urine containing 1.6 per cent, urea was divided into two 
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parts and the urea removed from one by the action of urease. 
When the two samples were tested by adding serum and dilute 
acetic acid, only a slight cloudiness formed in the untreated urine, 
while a definite precipitate formed in the sample from which the 
urea had been removed. 

An even greater change becomes apparent, however, when the 
urinary salts as well are removed from the urine. In Table 3 is 
shown the increasing precipitate of protein from acidified normal 
urine that has been dialyzed against running water for increasing 
periods of time until its specific gravity is reduced as indicated. 
The fourth tube, dialyzed for 24 hours, had a specific gravity of 
1.000 and was negative to AgNOs for chlorides. With the de¬ 
crease in specific gravity there goes increasing precipitation of 
protein. Testing the washed precipitates shows a strong meta- 
chromatic reaction. Returning to the first tube of the series, 
which contained undialyzed urine of a specific gravity of 1.020 
it is found that although precipitation had occurred to only a 
slight degree, there had nevertheless been more reaction between 
some urinary constituent and the added protein than meets the 
eye, for shaking with CHCL produces a considerable flocculent 
precipitate. If tested with toluidin blue it is found metachro- 
matic. As controls to the ‘ denaturing effect of the shaking 
with CHCI3 no precipitate is produced in normal “ protein-free'' 
urine and only traces of precipitate are obtained with an aqueous 
solution of horse serum. If these traces are tested with toluidin 
blue they are not metachromatic. It is evident therefore, that, 
as the metachromatic reaction is “inhibited’’ by presence of dia- 
lyzable elements in the urine, so also are the coagulative phenom¬ 
ena. This interference is apparently more concerned with the 
stability of the altered protein than with the reaction of the pro¬ 
tein with the precipitating factor. Moreover, it is seen that the 
element, or elements, responsible for protein coagulation are non- 
dialyzable. For the sake of economy of words I shall refer to 
this substance, or substances, as X-body in what follows. 

The non-dialyzable property of the X-body, and parentheti¬ 
cally it will be remembered that ehondroitin sulfuric acid is non- 
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TABLE 3 
Interference with Protein Coagulation by Dialyaable Urinary Constituents 

60 cc. urine +1 cc. serum +1 ec. 1/10 acetic 

Ppt. 

Tube 1. 50 cc. urine sp. gr. 1.020 

Tube 2. 50 ec. urine dial, to 1.010 

Tube 3. 50 cc. urine dial, to 1.005 

Tube 4. 50 cc. urine dial, to 1.000 

Tube 6. 50 cc. H3O. 

Tubes 1 and 5 shaken with CHCl* 

1 = ppt. -H-* 5 = ppt. ±** 

* Metachromatic. ** Orthochromatic. 

dialyzable, allows us to test its resistance to heat, and finding it 
heat-resistant, to remove salts and urea and some pigments and 
concentrate it in dialyzed urine. In tubes 1, 2, 3 and 4 of Table 4 
are seen the precipitating effects of samples of dialyzed normal 
urine the increasing concentration of which was produced by 
evaporation at a temperature just below boiling. In other ex¬ 
periments where evaporation occurred in cellophane tubes before 
a fan at room temperature somewhat stronger percipitating reac¬ 
tions were observed than occurred with heat concentrated urine, 
but for the practical purposes of our experiments the X-body may 
be considered heat resistant. 

TABLE 4 

Concentration of Non-dialyzable Urinary Precipitating Factor 

50 cc. urine +1 cc. 1/10 acetic + i cc. serum 

Ppt. 

Tube 1. 50 cc. dial, urine 1 x. ± 

Tube 2. 50 cc. dial, urine, heat cone. 1.5 x. + 

Tube 3. 50 cc. dial, urine, heat cone. 2,0 x. ++ 

Tube 4, 60 cc. dial, urine, heat cone. 4.0 x. -f-H- 

Urine mixtures of sp. gr. 1.010 

Tube 5. 50 cc. aa-4 x diaL urine + orig. urine. -H- 

Tube 6. 50 cc. orig. urine dial, to 1.010. ^ 
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With increased concentrations of the X-body available, it is 
now possible to show that the degree of inhibition of coagulation 
by the dialyzable materials is a matter of relative concentration 
between the inhibiting substances and X-body. For example, the 
same concentration of dialyzable inhibitors present in the same 
urine of a specific gravity of 1.010 may be prepared in two ways, 
either by diluting the original urine of a specific gravity of 1.020 
with an equal volume of four times concentrated dialyzed urine 
whose specific gravity is 1.000 or by dialyzing the same original 
urine to a specific gravity of 1.010. In the former case there is 
two and a half times the concentration of the precipitating X sub- 

TABLE 5 

Effect of Protein Concentration on Precipitation by Urine Factor 

4 cc. dialy. 4 x urine +1 cc. serum dil. + 0.2 cc. acetic 

1/4 1/8 1/16 1/32 1/64 1/128 1/256 1/512 1/1024 

0 0 0 0 +++++++ 0 
+ + 

1 cc. 0.03% Chond. SO4 + I cc. serum dil. +0.2 cc. acetic 

1/2 1/4 1/8 1/16 1/32 1/64 1/128 1/256 
0 + +f ++ ++ + 0 0 

+ + 

stance as in the latter while the concentration of dialyzable sub¬ 
stances, as measured by the specific gravity, is the same. As seen 
in tubes 5 and 6 of Table 4 under these conditions a much heavier 
precipitate of protein occurs in the former. The importance of 
this demonstration will perhaps be more evident when we con¬ 
sider the application of our theories to physiological actualities, 
for it shows that even in a urine of moderately high specific 
gravity, 1.010, coagulation can occur, if the concentration of the 
X-body is raised. 

It is possible also to demonstrate that relative concentrations 
of other substances in the coagulating system affect the precipi¬ 
tating reaction. In Table 5 the addition of an excess of protein 
is shown. It is seen that there is an optimum relative concentra¬ 
tion between the protein and the urinary precipitating factor and 
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that with an excessive amount of protein no coagulation whatever 
occurs. A similar relation is shown in the precipitating reaction 
with chondroitin sulfuric acid. 

As would be expected the coagulation of protein by the urinary 
X-factor is influenced by the concentration of H ions. In Table 6 
is seen the precipitating effect of a constant unit of the urinary 
factor acting on a constant concentration of various proteins but 
at a varying pH obtained by use of phosphate-citric acid buffers. 

TABLE 6 

Effect of H Ion Concentration and Isolectric Point of Protein in Precipi-- 

tation by Urinary Factor 

1 ce. protein sol. + 1 cc. dial. 4 x urine +1 cc. buffer 

The proteins used were horse serum and certain of the plasma 
protein fractions kindly supplied to me by Dr. Cohn. These 
preparations allow an examination of the behavior of many of 
the protein bodies which are found in proteinuria. Fraction V is 
largely serum albumin, IV-3.4 is about one-half 3 globulin and 
one-haLf a globulin, and fraction II, 95 per cent y globulin. The 
isoelectric points of these fractions are, serum albumin 4.7, II, 
circa 7.2, and that of IV-3.4 in the neighborhood of 5.5, A sample 
of urine containing Bence-Jones body was also used as a protein 
solution, since there are reasons, judging from the localization of 
the intratubular coagula, for supposing that it is precipitated in 
the kidney tubules under somewhat special conditions. Its iso¬ 
electric point is usually given as 5.8. 
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It will be observed in Table 6 that the precipitation of the pro¬ 
tein by the urinary X-body lies in each case on the acid side of 
the isoelectric point and that since this point varies with the dif¬ 
ferent protein bodies a range of precipitation from 3.4 to 7.0 
occurs. This behavior is the expected; what is less readily under¬ 
standable is the precipitate that occurs with all proteins at a pH 
of 7.8. That some action of the urine is involved is shown by a 
control series, similar to those of the table except that the urine 
is replaced by water, for at no pH is any precipitate formed with 
any of the protein bodies. The reaction is therefore not due to 
the H ions or the salts of the buffer. The occurrence of this 
anomalous precipitate is however of some use to us even if we do 
not understand it, for if the metachromatic reaction of all the 

TABLE 7 

Effect of Protein Concentration on Degree of Metachromasia 

50 cc. dial, urine +1 cc. 1/10 acetic + serum 

1 cc. serum i cc. serum \ cc. serum 

Metachromasia . . + ++ -H4- 

precipitates is tested, it is found that those forming on the acid 
side of the isoelectric point are all positive and thus give evidence 
of a combination of some sort between the protein and the 
X-body, while that forming on the alkaline side is entirely nega¬ 
tive, indicating that the precipitate was free of X-body. 

And finally to complete the demonstration of the analogies and 
similarities of the two reactions, coagulation and metachromasia, 
it is seen in Table 7 that the concentration of protein affects the 
degree of metachromasia that develops in the urine- protein pre¬ 
cipitate in a manner analogous to its action on coagulation. To 
a constant amount of dialyzed urine increasing amounts of horse 
serum were added. Precipitation occurred in all, most copious 
when the lesser amount of protein was added. Equal amounts 
of these protein precipitates were washed and suspended in water 
and the degree of redness, i.e., of metachromatic change, com¬ 
pared in a colorimeter. It is evident that metachromasia though 
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present in all, increases with decrease in the amount of protein 
in the precipitate. There is therefore an analogy with the action 
of excess protein in the precipitating reaction. 

The findings of these in vitro experiments may be summarized 
as follows. Protein-containing urine is a system in which sta¬ 
bility is determined by equilibria involving: a, the concentration 
of dialyzable substances (electrolytes, urea); b, the concentration, 
and nature, of the protein; c, the concentration of H ions; and 
d, the concentration of a non-dialyzable heat-resisting body 
(X-body). Increasing concentrations of the dialyzable sub¬ 
stances and of the protein tend to maintain stability, increasing 
concentrations of H ions and of the non-dialyzable body (X-body) 
tend to coagulation. 

The behavior of the system to the metachromatic reaction is 
analogous to its behavior in regard to dispersion and coagulation. 
Orthochromasia is the analogue of dispersion and metachromasia 
of coagulation. 

The coagula of protein and X-body are strongly metachro¬ 
matic ; coagulations of protein by heat and salts are not. 

A similar behavior both in the coagulative and metachromatic 
properties is shown if chondroitin sulfuric acid, which Moerner 
claims to have demonstrated in normal urine, is added to a solu¬ 
tion of protein. 

An excursion into what of personal necessity was an over¬ 
simplified examination of the physical and chemical mechanisms 
of intratubular coagulation has led us far from the morphology 
of the nephron. But pathologists are often forced into such 
hazardous digressions and since the justification they give for 
these journeys into foreign fields is that it allows them to return 
with some comprehensible tale to their domestic morphological 
domain, they must be forgiven their wanderings. Providing of 
course that they do return, and in the present instance the bridge 
that makes possible this much-desired passage from the complexi¬ 
ties of function to the simplicities of structure is the metachro¬ 
matic reaction. For we have seen that not only does this reaction 
afford presumptive evidence of the presence of an essential and 
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until now unappreciated component of the intratubular coagu¬ 
lating system, but also that the mechanisms of the testing reaction 
itself are influenced by the same factors as favor or inhibit the 
coagulating processes which are our primary problem. 

The tissues, either in histological section or in dissected mate¬ 
rial, can be stained with toluidin blue and, under proper condi¬ 
tions, the metachromatic properties of its elements determined. 
To those who wish to use the method a careful examination of 
Lison’s studies (25) is recommended, for the reaction, as was 
evident in the in vitro tests, is influenced by many factors which 
must be controlled if significant results are to be obtained. 

In Figure 29 a frozen section from a kidney of chronic 
glomerular nephritis stained with toluidin blue shows dilated 
tubules filled with hyaline coagula. The coagula vary consider¬ 
ably in color, as did the precipitates from protein-containing 
urine, though in most the reddish tone of metachromasia is evi¬ 
dent. To what intensity the reaction may develop is seen in 
Figure 30 where collecting tubules deep in the medulla are shown 
in cross-section. As a control is seen the orthochromatic blue- 
tinged content of the tubule to the left of center, which is filled 
not with a protein coagulum but with an accumulation of cellular 
debris. 

The tissue elements also show in varying degree the reddish 
tones of the positive reaction. We shall limit our observations 
at this time to a consideration of those tissues of the kidney im¬ 
mediately concerned with the coagulated material, that is the 
wall of the tubule, and such observations can be best made in 
dissected material. 

In Figure 31 stained with toluidin blue, are shown the begin¬ 
ning and end of a nephron from a rat^s kidney that had been 
excreting large amounts of protein following the intraperitoneal 
injection of horse serum. The cells of the proximal convolution 
are filled with absorbed protein, similar to the previous demon¬ 
strations that you have seen, and it will be observed that this 
protein gives the true blue tone of orthochromasia. Only in 
the terminal tip of the convolution is the violet hue of meta- 
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chromasia evident in the protoplasm of the tubule cells, while in 
the ascending limb and the distal convolution the reaction in the 
tubule wall becomes pronounced. In Figure 32, a, the junction 
of distal convolution, connecting and collecting tubule is shown 
at higher magnification, and here although the protoplasm of all 
the epithelium is definitely violet, the heavy granules of the inter¬ 
calated cells are more strongly positive. 

In this kidney many nephrons were occluded in their distal 
convolutions by large cast-like coagula. Figure 32, b, shows one 
of these with the compressed epithelium of the tubule wall and 
the metachromatic reaction of the occluding coagulum. 

Although many questions still remain unanswered, such as, 
for example, the source of the metachromatic substance and how 
it becomes concentrated in the cells of the distal nephron, the 
morphological evidence so far presented allows, I believe, a ten¬ 
tative description of why and how intratubular coagulation 
occurs. 

The reason as to why coagulation occurs can be found in the 
addition to the formerly incompletely described intratubular 
system of protein, water, salts and H ions of the equally essential 
metachromatic X-body. Coagulation is not to be considered due 
to it or to any one of these various factors but is to be regarded 
as the result of equilibria that determine the stability and hence 
the coagulation of the tubule fluid. 

How these equilibria are established within the nephron can 
be found in the degree of protein leakage through the glomerulus, 
the extent of its absorption by the proximal convolution, the 
absorption of water and of salts, reciprocally reflected in altema- 

Fig. 29. Kodachrome microphotograph of frozen section stained with 

toluidin blue of kidney in chronic glomerular nephritis. The dilated tubules 

are filled with coagula (easts) which show by their varying reddish-violet 

tones various degrees of the metachromatic reaction. Magnification 150 x. 

Fig. 30. A similarly treated frozen section from the medulla of the same 

kidney showing the intensity of reddish tone in the strongly metachromatic 

casts in the collecting tubules. The large tubule is filled with heterogenous 

debris, not a true coagulative cast, and shows the blue tones of orthochro¬ 

masia. Magnification 150 X. 
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tions in the specific gravity of the fiuid, the increasing acidity 
that reaches its maximum in the distal convolution and finally 
the increased concentration of the X-body in both lumen and 
epithelial tissues of the distal nephron. The occurrence of these 
known physiological variables shows how the equilibria may shift 
with resulting stability or coagulation even while our knowledge 
of the exact details of both in vitro and in vivo conditions are 
still incomplete. 

As a practical example, we can understand the usual locali¬ 
zation of casts and coagula in the distal nephron and collecting 
system. This cannot be due to water absorption, the greater part 
of which has occurred in the proximal convolution where coagu¬ 
lation rarely occurs (11, 3), or acidity, for both are demon¬ 
strably inadequate to cause coagulation of the proteins, which 
in the common proteinuria are a mixture in which serum albumin 
predominates over the globulins. The high isoelectric point 
necessary for this coagulation is not attained until the fluid 
reaches the distal nephron and at that point, the concentration 
of X-substances being high, coagulation occurs. In the less com¬ 
mon proteinurias where globulins with low isoelectric points pre¬ 
dominate, such as the Bence-Jones proteinurias, coagulation may 
occur higher in the nephron with a lower acidity and at a lesser 
concentration of X-body. 

Fio. 31. Dissected proximal and distal convolutions stained with tolui- 

din blue from the kidney of a rat that was excreting large amounts of 

protein after administration of bovine albumin. In the cells of the prox¬ 

imal convolution is seen much absorbed protein in the form of granules 

which present the true blue of the orthochromatic reaction. In its terminal 

tip a faint violet tinge of metachromasia becomes evident. In the distal 

convolution there are no granules of absorbed protein and renal cells show 

the strong violet-red tone of metachromasia. Magnification 75 x. 

Fio. 32. From the kidney of the same animal. To the left two connect¬ 

ing tubules join to form a peripheral collecting tubule. All of the epi¬ 

thelial cells show violet metachromasia, but the intercalated cells stand out 

prominently by the more intense reaction of their granules. Of. Figure 7. 

To the right a distended distal convolution is filled with a hyaline coagula 

of precipitated protein. This cast and the compressed epithelium beneath 

it show the violet tone of metachromasia. Magnification 200 x. 
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Speculation of the sort in which I am indulging may perhaps 
be permitted if it is remembered that the title of my lecture made 
no promise of arriving at factual conclusions, but indicated only 
a desire to show the directions that extension of our knowledge 
in renal morphology may take by use of methods where continuity 
of structure is maintained. I trust that there has been enough 
in this lecture of accomplished fact, some of it complete so far 
as it goes and more as yet only roughly sketched in provisional 
form, to make one definite conclusion. The conclusion is that 
the structural aspect of renal activity offers as rich and limitless 
a field to the investigator as does the functional. All that is 
needed are methods appropriate to the task. 

The value of that conclusion is of course not limited to its 
application in renal problems. The human mind, being what it 
is, can think of a structure without function, dead, if you will, 
but existent, but it cannot conceive of free and disembodied 
function without structure, except in the realm of metaphysic. 
We can have something doing nothing, but not nothing doing 
something. 

Granting then the present-day intensity of the expanding drive 
of functional dynamics in the field of pathology, must there not 
be corresponding improvement in the structural machine that is 
to bear this ever-increasing functional load ? High octane in the 
model T will get us nowhere, unless it is in the ditch. And to whom 
are we to look for advance in structural concepts if not to the 
pathologist? It would seem then that if he is to become a bio¬ 
chemist, then the biochemist must become a morphologist and 
such a circle I am sure, as a pathologist, could be peculiarly 
vicious. At times tonight you may have glimpsed a prevision 
of its dangers. 

In any case, those who still delight in the wondrous and 
varied aspect of Form in ita adaption to function will not 
despair. For Form has still its ancient implication, forma, 
beauty, and as a wise and most eloquent morphologist has said 
^‘whatsoever is most beautiful and regular is also found to be 
most useful and excellent(28). If the application of the 
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oldest of scientific techniques, the one first known to primitive 
man, the picking of things apart, can still afford results to which 
your Society can so patiently listen, what has the morphologist 
to fear for the future, with his newfound electron microscopes 
and microspectrographs? For him, too, the new world has its 
promise. 
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SINCE its discovery in 1850 by Scherrer, inositol has been 

considered by chemists to be an intermediate between carbo¬ 
hydrates and aromatic substances. The reasons are that on the 

one hand it has the same empirical formula (C6H12O6) and the 
same sweet taste, and solubility in water as sugar; in fact, 

Scherrer called it muscle sugar. On the other hand it is oxidized 

by nitric acid to tetrahydroxy-quinone demonstrating the easy 
transition to the aromatics. 

TABLE 1 

CHOH 

glucose INOSITOL TETRflOXYQUINONE 

As it was not possbile at that time to verify by chemical means 
the transition from sugar to inositol, this class of compounds dis¬ 

appeared for quite some time from the limelight of chemical 
research. 

A general interest in inositol was revived through discoveries 
in the biological field. In 1928, in Toronto, Miss E. Y. Eastcott 

1 Lecture delivered January 18th, 1945. 
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(1) demonstrated that meso-inositol is required for the growth of 
certain yeasts. Her experiment has since been amply substanti¬ 
ated and is now used as the basis of Dr. D. W. Woolley’s quanti¬ 
tative method (2) for estimating inositol. In 1942, R. J. Williams 
and his co-workers (3), using almost the same method, amplified 
the data on the distribution of inositol. Its very frequent appear¬ 
ance in animal and plant tissues seems to presuppose important 
physiological functions. Recently, G. W. Beadle (4) published 
another bioassay method for inositol using an ‘‘inositolless” 
strain of Neurospora crassa. It is apparent, however, that this 
method is practical only for rather high concentrations of inositol. 

A number of isomers and analogs of inositol are present in 
nature. These isomers do not exhibit any biological or nutritional 
action, and therefore I shall confine myself mainly to the discus¬ 
sion of the biologically active member of the family, the mesa 
inositol. It occurs in nature in at least four forms: free inositol, 
phytin, lipositol (5) and a water-soluble non-dialyzable complex 

(6). 
TABLE 2 

OH 
1 

OH 
_1 

OPOsH^ OPOjHi 

V A V /i H N. OPOsHi 

M(^ V 0P03H2 jA 
1— 
H 

—r 
OH 

1 
H 

1 
OP03 H2 

meso-inositol phytic acid 

Free inositol has been isolated from many plant and animal 
sources. Phytin, the calcium and magnesium salt of inositol- 
hexaphosphate, was believed until recently to be exclusively a 
constituent of plants. Its presence in many seeds has been known 
for decades. 

The steep liquor of the corn refining process is at present the 
best industrial source in America for inositol and phytin. In 
1940, S. Rapoport (7) showed that the erythrocytes of species 
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like the chicken and the turtle, in which these cells are nucleated, 
contain appreciable amounts of phytin. Since 1930, inositol as 
a constituent of special phosphatides has been known from the 
work of R. J, Anderson (8), who isolated it from the phosphatides 
of the tubercle bacillus. In 1939, Klenk and Sakai (9) obtained 
inositol monophosphate from soya bean phosphatides. The wide¬ 
spread occurrence of inositol in phosphatides was also evidenced 
in 1942, when J. Polch and D. W. Woolley (10) demonstrated 
that it is a constituent in the cephaline fraction of brain and 
spinal cord and thus recognized a new inositol-containing phos¬ 
phatide, in animal tissues. In 1943, D. W. Woolley (5) isolated 
a similar compound from soya beans and demonstrated that it 
was composed of inositol monophosphate in glucosidic linkage 
with galactose and combined with ethanol amine, tartaric acid, 
oleic acid and saturated fatty acids. Woolley named this com¬ 
pound lipositol. 

The occurrence of inositol as an integral part of a phosphatide 
and the role of inositol in the prevention of fatty livers brings 
to mind, as Dr. Woolley points out, the occurrence of choline in 
a phosphatide, and its vitamin-like action in the prevention of 
fatty livers of a difiPerent character. Perhaps the formation of 
lipositol is one of the uses to which dietary inositol is put by the 
animal. In 1941, Woolley (2) recognized a water-soluble non- 
dialyzable inositol complex in liver and in 1942 he showed that 
inositol complexes were present in most of the tissues that were 
examined. 

These are a few of the more important examples illustrating 
the significance of this compound in the animal body. More de¬ 
tailed information may be found in an excellent review paper by 
Dr. D. W. Woolley (11). This article also contains a compre¬ 
hensive description of the nutritional significance of inositol. It 
is quite evident, from this paper and from other sources, that 
there is no unanimity of opinion as to whether or not inositol 
should be regarded as a dietary essential. For instance, in his 
studies of purified diets for mice, Woolley (6) showed that a 
severe alopecia developed, which could be cured or prevented by 
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inositol. However, the picture was confusing, since alopecia also 
developed when they were fed rations low in pantothenic acid. 
Moreover, spontaneous cures of inositol deficiency occurred fre¬ 
quently (12). 

Following Woolley's paper on alopecia, Pavcek and Baum (13) 
reported that inositol cured ‘^spectacled eyes" in rats reared on 
a purified diet. It is a common observation, however, that in 
many laboratories rats reared on purified diets, apparently free 
of inositol, do not develop any loss of hair around the eyes. 

Martin (14) has presented evidence which indicates that an 
inositol deficiency may be precipitated by including p-amino- 
benzoic acid in the diet. Animals receiving thiamin, riboflavin, 
pyridoxine, pantothenic acid, nicotinic acid, choline, inositol and 
p-aminobenzoic acid as supplements to purified diet, developed 
normally. The removal of either inositol or p-aminobenzoic acid 
resulted in poor growth and changes in the pelt. When hoth were 
removed the animals again grew normally. However, Barnett 
Sure (15) reported experiments practically duplicating those of 
Martin, except that the levels of vitamins were different, where 
he found that neither inositol nor p-aminobenzoic acid had any 
effect on the growth of young rats. 

A clear-cut case of inositol deficiency in rats is described by 
Cunha, Kirkwood, Phillips and Bohstedt (16). A severe alopecia 
developed in rats reared on a natural diet composed of corn and 
soya bean meal, which could be cured by inositol. 

The role of inositol in the nutrition of the lactating rat is 
similarly in dispute. 

Climenko and McChesney (17) found that on purified diets 
either with or without p-aminobenzoic acid, the inclusion of inosi¬ 
tol increased the milk yield of lactating rats. The inclusion of 
p-aminobenzoic acid alone seemed to have an adverse effect on 
lactation. The reverse of this finding has been reported by Bar¬ 
nett Sure. Supplementing the diet with p-aminobenzoic acid 
greatly improved lactation while inositol was decidedly injurious. 

These differences in findings cannot yet be reconciled. 
A further interesting feature of inositol is its lipotropic action, 
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which was reported by Gavin and McHenry (18) in 1941 in 
Toronto. These workers produced fatty livers in rats by feeding 
a beef liver fraction. Choline did not affect the fatty disposition 
but both lipocaic and inositol were effective in preventing its 
development. 

Interest in these findings has been revived by the studies of 
Abels, Kupel, Pack and Rhoads (19), who showed that inositol 
apparently has a lipotropic effect on human beings also. It is 
well known that patients with gastro-intestinal cancer usually 
have fatty livers. Inositol defats such livers. In this connection 
the work of Laszlo and Leuchtenberger (20) might also be men¬ 
tioned. These investigators reported that the daily intravenous 
injection of minute amounts of inositol prevented the develop¬ 
ment of transplanted tumors in mice. 

Thus there have been many contradictory findings about the 
action of inositol. When a chemist studies these findings his 
reaction is more or less as follows: 

Here is a supposedly pure substance which presents such a 
confusing picture in its nutritional application that he suspects 
it to be not quite pure. Polyalcohols with numerous OH groups, 
in the case of inositol six, have a decided tendency to adsorb both 
organic and inorganic foreign material which cannot be removed 
by ordinary crystallization. It is possible to produce derivatives 
of inositol with completely blocked OH groups which can be dis¬ 
tilled in a high vacuum. After distillation they can be recon¬ 
verted into free inositol by hydrolysis. Inositol purified in this 
way has been prepared in my laboratory and is just now being 
tried out by the Banting-Best Department of Medical Research 
of the University of Toronto, as to its effect on fatty livers, in 
comparison with the commercially available inositol. These ex¬ 
periments have not as yet been completed. If the action of the 
two samples of inositol differs, it would indicate that the com¬ 
mercially available inositol made from the steep water of the 
Corn Products Refining process contains some highly biologically 
potent factor X adsorbed by the inositol. D. W. Woolley (6), in 
1941, made similar experiments in the study of alopecia. He pre- 
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pared meso-inositol hexacetate, purified it by frequent recrystal¬ 
lization—^but not by distillation—and hydrolyzed the hexacetate 
to inositol. Inositol, thus treated, did not differ from commer¬ 
cially available inositol in the treatment of alopecia. 

These instances, in which inositol seems to be important for 
biological procedures, are well known. 

I would like to draw your attention to a further occurrence of 
inositol, described by A. Portmann (21), of Basel, Switzerland. 
Portmann points out that fish, especially the shark, have com¬ 
paratively large amounts of inositol in the muscles of their fins, 
but no glycogen or other reserve carbohydrates in the liver. He 
believes that inositol is probably a reserve carbohydrate formed 
from glucose and stored in the fins, thus providing a quickly 
available source of glucose for the blood stream, just by the 
reopening of the inositol ring. 

Another case where inositol may play the role of a reserve 
carbohydrate, has been presented by L. B. Winter (22), in a 
paper on *‘The Inositol Content of the Mammalian Heart. It 
might be assumed that the relatively high amount of inositol 
found by this author to be present in the heart muscle of the ox 
suggests the possibility that it functions as a reserve carbohy¬ 
drate, providing energy for this muscle. 

There are other instances where animals have been shown to 
synthesize inositol. As early as 1858, Vohl (23) was able to iso¬ 
late quantities of inositol from the urine of a man with diabetes 
insipidus far in excess of the amount which we now know could 
have been obtained from the food. The extra inositol excreted 
probably arose from synthesis. Following this lead, Needham 
(24) in 1924 showed that rats rendered polyuric by administra¬ 
tion of salt excreted more inositol than was ingested. Since the 
excretion of this excess of inositol continued over long periods the 
conclusion was that the rats were synthesizing the substance. 
Woolley (2) demonstrated that mice fed a synthetic diet fre¬ 
quently synthesized inositol in amounts almost equal to the mini¬ 
mal effective dose of the compound for this species. At least one 
point of origin of this synthesized inositol was shown to be the 
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intestinal flora of the mice. The great problem for the chemist 
is, of course, to determine from which material the inositol is 
synthesized. He naturally believes that it is from glucose, and 
I shall now present some chemical evidence to bolster this view. 
My co-worker, Mrs. Gerda Dangschat, and I were prompted to 
make an investigation of the problem through the means of 
organic chemistry, the more so because we had successfully 
cleared up similar relations between certain plant acids such as 

TABLE 3 

OH OH OH OH OH ON 

shikimic acid (25) or quinic acid (26) and glucose. In the case 
of these acids we were able to trace clearly the connection with 
glucose by determining the configuration of their asymmetric 
carbon atoms. On perusal of the literature on inositol we learned 
to our surprise that as late as 1939 the configuration of this long- 
known substance had not been determined. Admittedly, there 
bad been in existence since as early as 1894 a very elegant treatise 
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by Bouveault (27) on the theoretically possible inositols, but no 
correct experimental data establishing the configuration of the 
most important member of this group, namely, the meso-inositol. 

Prom Table 3 it can be seen that there are seven configurational 
possibilities for an inactive inositol, Nos. 1-7. The possibilities 
8 and 8A must be assigned to the optically active members of this 
group, namely d and 1 inositol, first prepared from natural 
sources by Maquenne (28). In 1936 Theodore Posternak (29), in 
Geneva, Switzerland, proved the formula 8 for 1-inositol by oxi¬ 
dation of the compound to D-saccharic acid (Table 4). If num- 

TABLE 4 

OH OH 

L* Inositol 

> 
*COOH 

I 
HCOH 

I 
KOCH 

I 
HCOH 

I 
HCOH 

I 
COOH 

ber 8 is 1-inositol, this leaves formula 8A for d-inositol. The 
configuration of the two optically active inositols (8 and 8A) was 
thus firmly established by Posternak’s work. However, the seven 
inactive inositols were still undetermined. Obviously, the appli¬ 
cation of the usual methods of sugar chemistry for the determi¬ 
nation of their configuration should be made. One creates a point 
of attack by singling out one specific pair of hydroxyls by com¬ 
bining the polyalcohol with formaldehyde, acetone, benzaldehyde 
and the like. None of the usual methods worked, so we began 
working in a circuitous way using a material offered by nature 
which already contained a suitable point of attack, namely, a 
double bond. The material used was a compound called conduri- 
tol (30) isolated from Condurango bark and already known to 
be a tetrahydroxy cyclohexane. 

Table 5 is comprised of the series of reactions by which we were 
enabled firstly to prove the configuration of conduritol, and sec- 
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ondly, to transform conduritol into the two well-defined synthetic 
inositols, muco-inositol (XI) and allo-inositol (XII). 

We arrived at the constitution of conduritol by acetonating it 
with acetone and hydrochloric acid to a monoacetone conduritol 
III. Compound III being indifferent against lead tetra-acetate 

TABLE 6 

Conduritol 

must carry the iso-propylidene residue in the OH groups of the 
carbon atoms 4 and 5. After acetylation, III is oxidized by means 
of potassium permanganate and soda to V. 

Following acetylation in 1 and 2, and removal of acetone from 
4 and 5, the ring of V is opened with lead tetra-acetate, between 
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carbon atoms 4 and 5, yielding the dialdehyde VI. This dialde¬ 
hyde is easily transformed by means of perpropionic acid and 
hydrolysis into allo-mucic acid VII. The configuration of carbon 
atoms 1, 2, 3 and 6, in compound V is thus proved. 

The transformation of conduritol I into compound VIII and 
thence into mucic acid X is achieved in a similar manner, the sole 
difference being that in place of a diacetyl monoacetone conduri¬ 
tol derivative a tetra-acetate of conduritol IV is oxidized by 
means of potassium permanganate and soda. This operation 
yields compound VIII in which the newly formed cis hydroxyl 
pair is located on the opposite side of the ring plane in contrast 
with compound V. This latter fact is proved by the opening of 
the ring of VIII with lead tetra-acetate resulting in the dialde¬ 
hyde IX. 

Compound IX is transformed into mucic acid X by oxidation 
with perpropionic acid and subsequent hydrolysis. The forma¬ 
tion of mucic acid obviously proves the configuration of carbon 
atoms 3, 4, 5 and 6. This result, together with the proof of con¬ 
figuration by the formation of allo-mucic acid, completes the 
cycle. Therefore, the configuration of conduritol and the com¬ 
pounds V and VIII is proved. V and VIII can easily be hydro¬ 
lyzed to their underlying free inositols, namely, muco inositol XI 
and alio inositol XII. These are so called because of their con¬ 
figurational connection with mucic acid and allo-mucic acid. 

This presents an interesting example of the arbitrary choice for 
attachment of a hydroxyl pair to the double bond of a cyclo¬ 
hexane derivative either in cis or in trams position. We may 
assume that the explanation for the differing behavior of com¬ 
pound IV and the diacetylated compound III towards potassium 
permanganate lies in the fact that the ring of compound III is 
distorted to some extent by the secondary iso-propylidene ring, 
whereas compound IV is undistorted. 

At this point we were rather unhappy, because neither of the 
two well-defined inositols which had been prepared with great 
effort was by any means identical with meso-inositol, the con¬ 
figuration of which we wanted to determine. They are merely 
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artificial products useful only for disposing of 2 of the 7 theo¬ 
retical possibilities in the series of inactive inositols, and conse¬ 
quently on the whole, a disappointment. In order to determine 
the configuration of meso-inositol, Mrs. Dangschat and I at¬ 
tempted another procedure for the acetonation of meso-inositol. 

TABLE 6 

MOC-H 

rKOM 

hOC-M 

iooH 
Lhoosaccharic acid 

HOOH 

HO-OH 

H-iJ-OM 

COOH 

P-IDOSACCHARIC ACID 

This time we were successful (31). We were aware from the 
work of Meerwein (32) and from our own experience that zinc 
chloride with one molecule of an organic acid, e.g., acetic acid, 
forms a so-called ansolvo acid, an extremely powerful acid cata¬ 
lyst for acetonations. Inositol, boiled with a large excess of ace¬ 
tone containing some zinc chloride and acetic acid yielded a 
monoacetone meso-inositol which in the form of its tetra-aeetate 
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could be distilled and isolated. The acetone was removed and 
the ring opened by means of lead tetra-acetate. 

In greater detail: the monoacetone inositol is a mixture of two 
enantiomorphic forms. The molecule of the meso-inositol con¬ 
tains three OH groups on the same side of the ring, and conse¬ 
quently, it is possible to block pair 4 and 5 or the pair 5 and 6 by 

TABLE 7 

Trt.POSTtPNACK 
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HO-C-H 
1 

HOC-H 
1 

h-GOH 
1 1 

H-C-OH HO-C-H 
1 1 

MO-C-H M-C-OH 

1 

DhOOSACCHARIC ACIO 

acetone. When, after acetylation, the acetone is removed by mild 
acid hydrolysis, we have again two enantiomorphs, one with two 
free hydroxyls in 4 and 5, and one with two free hydroxyls in 
5 and 6. Treatment of this racemic mixture with lead tetra¬ 
acetate, therefore, opens the ring between 4 and 5, and between 
5 and 6. One can see from Table 6 that equal amounts of D-ido- 
saccharic acid and L-ido-saccharic acid, are formed. The inter¬ 
mediate step, namely, the formation of the corresponding dialde- 
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hydes, being self-evident, is omitted. The dialdehydes are oxi¬ 
dized to the corresponding acids as previously, by treatment with 

perpropionic acid. 
For the formula of meso-inositol, the following conclusions can 

be drawn: The two hydroxyls which can be blocked by acetona- 
tion are vicinal and on the same side of the ring. If, D,L-ido- 
saccharic acid is formed when the ring is opened between the two 
hydroxyls 4 and 5 or 5 and 6, then the other four hydroxyls must 
be alternatingly on the one side or the other side of the ring plane, 

TABLE 8 

D-glucose meso -inositol 

and one of them vicinal to the hydroxyl pair which can be 

blocked by acetone. Thus the formula of meso-inositol was 
proved convincingly for the first time. Three months later Theo¬ 
dore Posternak (33), then in Geneva, now in Lausanne, Switzer¬ 
land, confirmed our results in the following manner: As a start¬ 
ing material he took inosose, a keto-inositol, prepared by Kluyver 
and Boezaardt (34) from inositol through the action of aceto- 
bacter suboxydans in 1939 (Table 7). Inosose yielded about 20% 
D,L-ido-saccharic acid on oxidation with soda alkalic potassium 
permanganate, which means that the ring of the inosose is split 
left or right of the keto group 5, forming D-ido-saccharic acid, 
as indicated on the right side of Table 7, and L-ido-saccharic acid, 
as indicated on the left side of Table 7, Posternak’s results show 



HBXOSES AND INOSITOLS 169 

also that acetobacter suboxydans oxidizes meso-inositol specifi¬ 
cally on the carbon atom 5, which carries the middle group of the 
three vicinal OH groups on the one side of the ring. 

At this point I should like to say something about the number¬ 
ing of the carbon atoms of inositol used here. This is by no 
means arbitrary but is influenced by the idea that at least in 
several instances inositol is formed from glucose, so we have 
numbered the six carbon atoms of inositol analogously to the 
usual numbering of the carbon atoms of glucose. Obviously, the 
pair of hydroxyls in cis position which can be acetonated is borne 
by the carbon atoms corresponding to numbers 4 and 5 in glucose. 
Hereby, the designation of the other four is given, and we must 
assume that a cyclization similar to an aldol condensation occurs 
between 1 and 6, as shown in Table 8. 

If two new asymmetric carbon atoms are formed by means of 
an aldol condensation, they tend to have the opposite configura¬ 
tion, which amounts in the case of the inositol ring to a trans 
position of the hydroxyls concerned. The hydroxyls on the car¬ 
bon atoms 1 and 6 are actually in trans position. This is a further 
reason in support of the idea that inositol may be formed by the 
ring closure of glucose. 

A pertinent example of the creation of two asymmetric carbon 
atoms of opposite configuration by means of an aldol condensa¬ 
tion is described by H. 0. L. Fischer and E. Baer (35). We 
found that upon condensation between dihydroxy-acetone and 
D-glyceraldehyde, the ketoses D-fructose and D-sorbose were 
formed in a yield of almost 50% for each, whereas the theoreti¬ 
cally possible D-psicose and D-tagatose could not be detected. 
This illustrates our point that the newly formed asymmetric 
carbon atoms in position 3 and 4 have opposite configuration. We 
chose to call this phenomenon ‘‘the non-occurrence of isomers,’^ 
and are of the opinion that it may play a considerable role in 
future inositol chemistry. 

The aforementioned manner of numbering reveals at once the 
very interesting fact that acetobacter suboxydans oxidizes in 
meso-inositol that hydroxyl group on carbon atom 5 exactly as 
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it oxidizes in glucose the OH group on carbon atom 5 in the well- 
known preparation of 5-keto-gluconic acid from glucose or glu¬ 
conic acid. One is tempted to say that not only the chemist but 
also the ^'bug^' considers inositol to be a glucose in disguise. 

The possession of a keto-inositol with the keto group in position 
5 enabled Posternak (33) to make a further experiment. He 
reduced the ketose with sodium amalgame in acetic acid and 
achieved two isomers which differed only in the configuration on 
carbon atom 5. The one proved to be identical with meso-inositol, 
the configuration of which is already known, and the other was 
identical with scyllitoL Scyllitol differs from meso-inositol only 

OH a r+cOH 
I 

noo» 

^ l+GOH 
. I 

H-C- 

OH I 

'OH 

TABLE 9 

OH OH 

ROBISON ESTER MESO-INOSITOL-PHOSPHATE 
glucose -6-PHOSPHATE 

with regard to the configuration in 5, so it is represented by 
formula 7 in Table 2. Thus four of the seven possible formulae 
for an inactive inositol are proved. 

So, finally in 1942, the configuration of meso-inositol was estab¬ 
lished independently in two laboratories. This substantiates our 
idea that meso-inositol may be formed by cyclization of glucose. 
Of course, I do not propose that this cyclization takes place in 
nature with free inositol, but incline to the belief that the CHgOH 
group in 6, is mobilized in nature by phosphorylation and the 
cyclization takes place under the influence of a suitable enzyme. 
This idea, as represented by Table 9 is entirely hypothetical. 

As soon as circumstances permit, I intend to work in a labora¬ 
tory on the Pacific coast in an attempt to purify the suspected 
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enzyme from the fins of shark and to endeavor to transform glu- 
cose-6-phosphate, Robison ester, into a phosphate of inositol. 
This enzymatic experiment has been necessarily postponed. How¬ 
ever, an experiment in which glucose could be cyclized to inositol 
by purely chemical means was suggested and successfully carried 
out by Dr. J. M. Qrosheintz (36) in our laboratory in Toronto. In 
his series of reactions the activation of carbon atom 6, which in 

TABLE 10 
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nature is supposedly afforded by phosphorylation, was effected 
by the introduction of a carbon bound nitro group. It was 
demonstrated that 6-nitro-6-desoxy-D-glucose and 6-nitro-6-de- 
soxy-L-idose cyclize almost quantitatively to a mixture of nitro- 
inositols. For the preparation of these nitro-hexoses the follow¬ 
ing reactions were used (see Table 10): 

According to Koichi Iwadare (37), monoacetone D-glucose was 
treated with lead tetra-acetate splitting out formaldehyde and 
producing the compound II which is actually a sugar dialdehyde 
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of the five carbon series with one open and one blocked aldehyde 
group. When this dialdehyde was treated with nitromethane and 
alkali a mixture of the two diastereo-isomers, theoretically to be 
expected, resulted. These two differed from each other only in 
the configuration on carbon atom 5, which is indicated in Table 10 
by a star. Now Dr. Grosheintz was confronted by the rather 
tricky task of separating these two very similar isomers and he 
finally succeeded in achieving it by a method which we like to call 
“fractional acetonation.’’ The formulae pertinent to this opera¬ 
tion are shown in Table 11. 

TABLE 11 

H-CO' 
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HCO 
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6- desoxy -D- ^Ittccse 

Formula V in this table represents l,2-acetone-6-nitro-6-desoxy- 
D-glucose. It was apparent that the acetonation of the free 
hydroxyl groups in compound V, and the formation of its diace¬ 
tone derivative, represented by formula III could be effected only 
with difficulty. On the other hand, the corresponding idose had 
the hydroxyls on carbon atoms in 3 and 5, in “cis^' position, and 
these could be easily acetonated forming the compound IV— 
1,2,3,5 diacetone 6-nitro-6-desoxy-L-idose. We were able—al¬ 
though some loss was incurred—^to remove the idose from the 
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mixture of idose and glucose derivatives, by treatment with ace¬ 
tone and hydrochloric acid. The glucose derivative remained to 
a large extent undissolved. This was, of course, not an ideal 
separation, but it served our purpose. By removal of the acetone 
groups, free 6-nitro-6-desoxy-D-glucose and -L-idose were pre¬ 
pared. The decisive cyclization experiment is represented by 
Table 12. In slightly alkaline solution, both the free nitro-glu- 

TABLE 12 

5 

M 
cose and nitro-idose condensed, in almost quantitative yield, to a 
mixture of only 2 nitro4nosUols, In every instance these same 
two nitro-inositols resulted, no matter whether glucose or idose 
was used as a starting material. As indicated in Table 12, an 
equilibrium seemed to exist between the possible forms of nitro- 
inositols. In this equilibrium the ring could be closed and opened 
between carbon atoms 1 and 6, just as effectively as between 
carbon atoms 5 and 6. The difficult and laborious separation of 



174 THE HAKVEY LECTURES 

the glucose and idose series, as described above, was of no avail 
for the purpose of cyclization. Therefore, in ensuing experiments 
we worked with the mixture, 6-nitro-6-desoxy-D-glucose and 
6-nitro-6-desoxy-L-idose. 

The configurations of the carbon atoms 2, 3 and 4, in the nitro- 
inositols were proved to be the same as those of the corresponding 
atoms of glucose. It will be necessary to determine those of car¬ 
bon atoms 1, 5 and 6 by the familiar methods of sugar chemistry 
at a later date. This, however, does not in any way aifect the 
salient point, which is that for the first time the ring closure of 
a glucose derivative to an inositol derivative had been accom¬ 
plished, We contend that such a model experiment as ours gives 
validity to the belief that inositol may be formed in nature 
through cyclization of the always readily available glucose. 

Furthermore, it might be noted that nitro-inositols presented 
a good example of easy transformation from the cyclo-hexane to 
the aromatic series. Under very mild conditions, e.g., on treat¬ 
ment with pyridine and acetanhydride, our nitro-inositols aroma¬ 
tize, yielding, almost quantitatively, diacetyl 5-nitro-resorcinol 
(38). A similarly smooth transition had been observed by Poster- 
nak, who described the action of the same reagent on inosose, as 
yielding tetra-acetyl-1,2,3,5 tetrahydroxy benzene (39). It is 
known also that hydroaromatic acids, such as quinic acid, react 
in a similar way (40). The biological material on the transfor¬ 
mation of glucose into inositol—presented earlier in this lecture— 
together with the purely chemical evidence of the same reaction, 
lends support to the idea that the six carbon sugars will easily 
form an inositol ring, and that again, the inositol ring, under 
suitable conditions will open, re-forming hexoses. An enlarge¬ 
ment of this idea arouses some rather challenging speculations. 
The inositol rings opened by biological means, e.g., by the action 
of enzymes on inositol phosphates, could form most of the theo¬ 
retically possible hexoses, if the opening occurs between appro¬ 
priate carbon atoms. For biological considerations we are solely 
interested in the naturally occurring hexoses. Let us imagine, 
for instance, that D-glucose and D-galactose could be formed 
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from 1-inositol (Table 13), and similarly, D-mannose and 
D-galactose from d-inositol (Table 14). Through the D-galac- 
toee, d- and 1-inositols would be interconvertible. The logical 
conclusion which could be drawn is that all three naturally occur¬ 
ring hexoses could be interconverted through the medium of the 

TABLE 13 

H 
HO 

H 
H 

CHzOH 

1-INOSITOL d-GLUCOSE 

H-C=0 

H 

HO 
HO 

H 

d-GALACTOSC 

inositols. All of this is merely “paper chemistry,” which, how¬ 
ever, might be close enough to reality to constitute a useful work¬ 
ing hypothesis. We should note, however, that the configuration 
of the most widely occurring member of the inositol family, 
namely, meso-inositol, does not suggest any interconversion of 
hexoses. The only hexose occurring in nature which will form 
meso-inositol, by cyclization, and which can be formed from meso- 
inositol by ring splitting, is D-glucose. 

-OH 
-H 

-H 
-OH 
CHtOM 
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To summarize: Aside from the biological possibilities for vita¬ 
min-like action, it could be deduced from the chemical evidence 
presented, that inositol is most likely an intermediate between 
carbohydrates and aromatic substances; moreover, it very likely 
serves as a reserve carbohydrate, storing away glucose in a form 
which could be easily mobilized. Finally, there is the speculative 

TABLE 14 

d-INOSITOL d-MANNOSE 

d-INOSITOL d-GALACTOSE 

possibility that inositol could act as an intermediate enabling the 
easy transformation of one hexose into another. 

It is possible that we are just beginning to recognize the useful¬ 
ness and versatility of inositol in the household of nature. The 
purpose of this lecture has been to show that everything organic 
chemists are able to contribute—^namely, model experiments and 
determination of the configuration of the products concerned— 
may be useful tools in aiding the solution of problems of bio¬ 
chemistry associated with inositol. 
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THE GENETIC CONTROL OF BIOCHEM¬ 
ICAL REACTIONS* 

G. W. BEADLE 

Stanford University, California 

The evidence that genes are intimately concerned with the 
control of specific chemical reactions of the organism has 

increased rapidly in the last decade. As an example of the nature 
of this evidence, the hereditary disease in man known as alcapto- 
nuria is pertinent. Alcaptonurics differ from normal persons in 
being unable to degrade the compound 2,5-dihydroxyphenyl 
acetic acid (homogentisic acid or alcapton). Instead of under¬ 
going its normal breakdown, probably through acetoacetic acid 
to carbon dioxide and water, this substance is excreted in the 
urine by alcaptonurics. It gives rise to a dark pigment on oxida¬ 
tion and it is this property that is responsible for the character¬ 
istic symptom of alcaptonuria, darkening of the urine on expo¬ 
sure to air. This symptom was described three hundred years 
ago and the chemical basis of it was discovered eighty years ago 
when homogentisic acid was isolated from the urine of alcapto¬ 
nurics and identified chemically. At the turn of the century it 
was suggested that this particular metabolic defect is inherited 
as a simple Mendelian recessive trait. A dozen years later it was 
shown that alcaptonurics lack a specific enzyme concerned with 
the breakdown of homogentisic acid and present in the blood of 
normal individuals. It appears that alcaptonuria results initially 
because a particular hereditary factor or gene is defective or 
absent. As a result a specific enzyme is likewise defective or 
absent. Under these conditions the particular chemical reaction 
by which homogentisic acid is broken down does not occur. These 
and other facts and interpretations concerning alcaptonuria are 
summarized by Garrod in his book ^‘Inborn Errors of Metabo¬ 
lism’^ (1), a classic of both biochemistry and genetics that in the 
past has not been appreciated fully in either field. 

1 Leeture delivered February 15, 1945. 
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This type of relation between gene and chemical reaction, 
known for thirty years in the case of alcaptonuria, is apparently 
a general one. Many alterations in metabolism which result from 
single gene substitutions can be similarly interpreted in terms of 
defects in specific chemical reactions. In man, to consider further 
examples, there is known a recessive Mendelian trait in which 
phenylpyruvic acid is excreted in the urine instead of being oxi¬ 
dized to its parahydroxy analogue, as it apparently is in normal 
individuals (2, 3). A most significant consequence of inability 
of the individual to carry out this particular reaction is a severe 
mental defect—phenylketonurics are invariably idiots or imbe¬ 
ciles. This example illustrates the important point that advances 
in our understanding of the basic metabolism of the organism can 
be made through the use of genetic defects. If a deliberate at¬ 
tempt had been made to correlate phenylalanine metabolism with 
the functioning of the nervous system in normal individuals, it is 
most improbable indeed that the importance of the phenylpyruvic 
acid p-hydroxyphenylpyruvic acid transformation would have 
been appreciated. It is of course a long way from this specific 
reaction to a complete undersanding of the chemistry of rational 
thinking, but it is at least a first step. The part the defective 
gene has played in the taking of this step is obvious and we would 
be quite blind to the possibilities for future progress if we did not 
recognize that further steps are possible in the same way. 

Medes (4) has described one individual who was physiologi¬ 
cally unable to carry out the oxidation of p-hydroxyphenyl- 
pyruvic acid to its 2,5-dihydroxy analogue. Since only a single 
individual of this type has been recorded, we have no means of 
telling whether inability to carry out the specific oxidation con¬ 
cerned is to be referred to a gene defect. A geneticist with suffi¬ 
cient faith in the versatility of the gene might well suspect this 
to be the situation. The case does illustrate a point of impor¬ 
tance—^that man is a most unsatisfactory organism from a genetic 
standpoint. 

All of the examples mentioned above have to do with phenyl- 
alanine-tyrosine metabolism in man. Their interrelations are 
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illustrated schematically in Figure 1. Tyrosine can be oxidized 
in the 3 position to give 3,4-dihydroxyphenylalanine which in 
normal individuals is converted to the skin and hair pigment 
melanin. The structure of melanin is not known with certainty, 
nor are the reactions by which it is formed. In the recessive 
genetic trait albinism, some one of these reactions is presumably 
blocked through a specific gene defect. It is a point of consider¬ 
able general significance that we would not be able to formulate 
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Fig. 1. Scheme of phenylalanine metabolism in man showing ^ecifie 

reactions known to be genetically controlled. Based on an interpretation 

given by Haldane (5). 

the scheme shown in Figure 1 were it not for the indicated herita¬ 
ble metabolic deficiencies. They have been used by the biochem¬ 
ists as tools with which to determine the course of metabolism. It 
is certain that if more such defective types were available for 
study, we would understand phenylalanine-tyrosine metabolism 
in man in more detail and with more confidence. Such considera¬ 
tions as these suggest that significant advances might be made in 
our understanding of the metabolic processes of organisms in 
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general if the method of using genes as biochemical tools were 
applied more deliberately and more systematically. A beginning 
has already been made in this direction in the study of several 
organisms and progress is encouraging. 

Biochemically as well as genetically, man is an unsatisfactory 
organism for the type of study indicated. Indeed, it is quite 
remarkable that we know as much as we do about him. For maxi¬ 
mum progress along these lines organisms are needed having life 
cycles suited to genetic studies and at the same time possessing 
characteristics that make them amenable to chemical investiga¬ 
tion. Various ones meeting these requirements more or less satis¬ 
factorily have been investigated by what might be called the 
method of biochemical genetics. For example, following the 
pioneer work of Wheldale, the biosynthesis of anthocyanin and 
related pigments in flowering plants has been studied (6, 7). 
It is found here too that the action of specific genes can be inter¬ 
preted in terms of their relation to specific chemical reactions 
concerned with pigment synthesis and modification. Investiga¬ 
tions of a basically similar nature have been made of the eye 
pigments of insects (7, 8), on the role of carotenoid pigments and 
their derivatives in sex phenomena in the green flagellate Chlamy- 
domonas (9, 10), of hair pigments in mammals (11), on specific 
sugar fermentations in yeast (12, 13), and in a number of others 
(7, 14). In all of these, interpretations on the basis of the gene- 
enzyme-chemical-reaction concept are possible. 

Based on the assumption that genes in general act through con¬ 
trolling protein specificities and consequently enzyme specificities, 
studies on the red bread mold Neurospora have been undertaken 
in an attempt to systematically produce mutant types in which 
particular metabolic defects were present (15, 16, 17). The 
organism chosen for the study has a short life cycle that is almost 
ideally suited for genetic study as shown by Dodge (18) and 
Lindegren (19). It is able to grow on a chemically defined 
medium containing a carbon and energy source (sucrose for ex¬ 
ample), nitrate or other inorganic nitrogen, various inorganic 
salts, and the vitamin biotin (15). From the ingredients of this 
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medium the organism obviously makes all the compounds for 
which it finds a need. Since protoplasm is elaborated and since 
this contains proteins in which most if not all naturally occurring 
amino acids are present, the organism must carry out all of the 
reactions necessary for synthesis of these from inorganic materials 
and sugar. Similarly, since the fungus contains vitamins of the 
B-group, these must be elaborated by the protoplasm. All other 
essential compounds with the exception of biotin, which is sup¬ 
plied in the medium, must likewise be synthesized. These include 
purines, pyrimidines, and many others, some of which presuma¬ 
bly are not yet known to us. 

If the reactions by which the biologically essential compounds 
are synthesized are in general under gene control, it should be 
possible to interrupt particular syntheses by inducing mutations 
in the genes concerned. Gene mutations are known to be pro¬ 
duced in other organisms by ultraviolet light, x-rays, and other 
radiation, although there is as yet no known way of directing 
these agents toward specific genes. Mutations are produced more 
or less at random in response to disturbances produced through 
ionizations or following absorption of energy in the case of ultra¬ 
violet radiation. X-ray or other treatment would therefore be 
expected to induce mutations more or less at random among the 
genes concerned with various syntheses. 

Neurospora crassa is a heterothallic fungus—that is, there exist 
strains of two sexes. Each of these reproduces asexually by 
means of conidia, but sexual reproduction occurs only if strains 
of opposite sex are grown together. The two sexes are not mor¬ 
phologically distinguishable. The mycelial segments are multi- 
nucleate but all nuclei in the vegetative cycle are haploid, i.e., 
each contains a single set of seven chromosomes. In producing 
so-called biochemical mutants, conidia of one sex are irradiated 
and then crossed with a normal strain of the opposite sex. Fol¬ 
lowing the formation of fruiting bodies in which fusion of haploid 
nuclei from the two parents occurs, meiosis takes place in the 
conventional manner (20) in spore sacs. The four primary hap¬ 
loid meiotic nuclei undergo mitotic divisions to give eight nuclei 
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arranged in a row in the spore sac. Each is then included in an 
ellipsoidal, black, sexual spore known as an ascospore. In at¬ 
tempting to produce mutations affecting specific syntheses, single 
ascospores descended from crosses in which one parent was irradi¬ 
ated are isolated and grown on a special medium to which is added 
as many compounds of biological importance as possible. This is 
done so that a single spore strain carrying a gene defect which 
prevents synthesis of an essential substance will be able to obtain 
the substance it cannot sjoithesize from the medium. Defects in 
synthesis are detected by transferring the single-spore cultures 
from the complete medium to one containing only the minimal 
requirements of the original wild-type strain. Growth on com¬ 
plete medium and failure of growth on minimal medium is taken 
as evidence of loss of ability to synthesize some substance con¬ 
tained in the complete but not in the minimal medium. What this 
is can often be determined by making a systematic series of tests 
on minimal media supplemented with known compounds. On the 
average, with treatments of conidia with about 50,000 r units of 
x-ray or 15,000 ergs/mm.^ of ultraviolet of wavelength 2536 A, 
about one ascospore per hundred gives a culture that grows on 
complete but fails to grow on minimal medium. The remaining 
99 per cent of the spores do not carry mutations or carry changes 
that do not express themselves in differential growth on the two 
media. Some of these carry mutations that modify the morphol¬ 
ogy of the organism. 

On analysis of strains in which synthesis is defective, it is 
found that various compounds are concerned. For example, 
mutant strains have been obtained in each of which growth is 
dependent on an external supply of one of the following B vita¬ 
mins: thiamin, riboflavin, pyridoxin, pantothenic acid, p-amino- 
benzoic acid, nicotinic acid, choline, or inositol (17, 21, 22). It is 
supposed that in each case synthesis of the particular compound 
which must be supplied is in some way defective in the mutant 
strain. In a similar way a series of strains has been obtained in 
which particular amino acids cannot be elaborated from the 
materials supplied in the minimal medium (17, 21, 22). Other 
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strains show still other defects in metabolism such as failure to 
utilize nitrate nitrogen, inability to grow on certain fatty acids 
as carbon sources, failure to make pyrimidine and purine com¬ 
pounds (17, 21, 22). 

An immediate question is, do these strains differ genetically 
from the original from which they were obtained? This can be 
determined readily by the methods of classical genetics. A mu¬ 
tant strain is crossed to a wild-type strain of the opposite sex. 
After ripe ascospores are produced, sets of eight in their spore 
sacs are removed from the fruiting bodies. Individual ascospores 
are taken out in the order in which they occur in the spore sac 
and planted individually in culture tubes on a medium supple¬ 
mented with the growth factor required by the defective parent. 
If the defective strain differs by a single gene or single region of 
a particular chromosome from the original strain from which it 
was derived, four spores genetically like each parent are expected 
in each set of eight. This is because all primary products of 
meiosis are recovered, each in duplicate. Each spore gives rise 
to a haploid mycelium which carries at a specific place in a par¬ 
ticular chromosome an allele of a gene from either the normal or 
the mutant type parent. For the decisive gene pair, each spore 
receives either the normal allele from the normal parent or the 
mutant allele from the metabolically defective parent. The 
mechanism is precise and the resulting segregation is therefore a 
mechanical one of 4 to 4. If all spores are taken from a single 
spore sac, no sampling error is possible. A further advantage of 
Neurospora lies in the arrangement of normal and mutant spores 
which can be of two kinds; either four at one end are like one 
parent and the remaining four like the other parent, or the two 
types occur in alternating pairs. Lindegren (19) has shown that 
the second arrangement results from a physical exchange of two 
corresponding chromosome segments at the tetrad stage. Thus 
the frequency of the alternating pair arrangement measures 
directly the frequency of genetic crossing over between the segre¬ 
gating gene pair and the centromere (point of attachment of the 
chromosome to the spindle fiber). This, in turn, is a function 
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of the distance of the gene concerned from the centromere. It is 
possible, therefore, to determine the location of genes in the chro¬ 
mosomes by observing the relative frequencies of the two types of 
spore arrangement (19, 21). 

When metabolically deficient strains are investigated by the 
above procedure, the great majority of them prove to differ from 
the original wild-type in the alteration of one single gene. Occa¬ 
sionally double mutants are obtained that require two substances 
for growth. In all but one instance, these have proved to have 
two mutant genes. Their frequency is of the order of magnitude 
expected on the assumption of independent occurrence of the two 
mutations, i.e., if one-gene mutations occur in one per cent of the 
spores, two-gene changes would be expected to occur by chance in 
0.01 per cent. The one exceptional case so far encountered in¬ 
volves a mutant strain which differs from the wild type by a 
single gene but which requires both valine and isoleucine for nor¬ 
mal growth (23). It is supposed that these related amino acids 
have a common step in their synthesis and that it is this step 
which the gene in question normally controls. 

In several instances Neurospora mutant strains have been made 
use of in studying the course of the biosynthesis of particular 
compounds. For example, Srb and Horowitz (24) have investi¬ 
gated a series of strains requiring the amino acid arginine or some 
related compound for normal growth. Seven genetically distinct 
types have been found. Each is differentiated from the wild type 
by a single gene but in each of seven strains this distinguishing 
gene is a different one. This has been established by conventional 
genetic methods and does not depend on a knowledge of the 
nature of the defective reactions in the individual strains. Some 
specific mutant types have occurred two or more times as evi¬ 
denced by the fact that the seven genetically distinct types were 
found among fifteen original mutant strains, all of which arose 
independently. On investigating the nutritional requirements of 
the seven mutant strains, Srb and Horowitz found that four of 
them would grow if supplied with minimal medium plus either 
ornithine, citrulline, or arginine. From this it is deduced that in 
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these strains the synthesis of ornithine is interrupted. Two 
strains grow if supplied with citrulline or arginine but not if 
given ornithine only. They presumably cannot convert ornithine 
to citrulline. The remaining strain requires arginine for normal 
growth and will not respond to ornithine or citrulline. It is in¬ 
ferred that it is unable to transform citrulline to arginine. Evi¬ 
dently the sequence ornithine citrulline -» arginine occurs in 

normal strains of Neurospora. The enzyme arginase is present 
in this organism and arginine may be hydrolyzed to yield a mole- 
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cule of urea and at the same time reconstitute a molecule of orni¬ 
thine. The urea is further degraded to CO2 and NH3 under the 
influence of the enzyme urease. It therefore appears evident that 
an ornithine cycle essentially like that postulated by Krebs and 
Henseleit (25) for the mammalian liver is present in Neurospora 

(Fig. 2). 
It is of interest that in the establishment of the ornithine cycle 

in Neurospora the use of genetically modified strains of the bread 
mold has played an essential part. The cycle is perhaps more 
satisfactorily established in the fungus than in the mammal, and 
this can be taken as evidence of the usefulness of the genetic 
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method of determining the course of biosynthesis of a particular 
compound of biological importance. It is of further interest that 
the ornithine cycle is found in organisms as unrelated as the rat 
and the bread mold—^in both it appears to follow the same course, 
even in detail. This suggests that the ability to carry through the 
ornithine cycle is a basic property of protoplasm. 

That genetic defects can be generally useful in working out 
mechanisms of metabolism in a manner analogous to the use of 
alcaptonurics in discovering homogentisic acid as an intermediate 
in the breakdown of phenylalanine and tyrosine in man is evident 
from the work of Tatum and Bonner on tryptophane synthesis. 
A number of mutant strains of Neurospora have been obtained 
that require tryptophane or some related compound for growth 
(26). It has been found that the original wild-type strain, as well 
as any of the mutant types so far studied, is able to synthesize 
tryptophane by condensing indole and serine (26a). This may 
well be the final step in tryptophane synthesis in all organisms in 
which this amino acid is made. It was found that a particular 
mutant strain is unable to synthesize indole as indicated by the 
fact that it will grow normally only if indole or tryptophane is 
supplied in the medium. If this strain is grown in the presence 
of a small amount of tryptophane, it makes and excretes into 
the medium the compound ortho-aminobenzoic acid (anthranilic 
acid). A second, genetically different mutant type does not pro¬ 
duce anthranilic acid when it is grown under similar conditions, 
but can be induced to grow normally when it is supplied with this 
material in the medium. The obvious interpretation is that 
anthranilic acid is a normal precursor of indole in Neurospora 
and that in the presence of the one gene in defective form its 
conversion to indole is blocked. If the second gene is defective, 
the synthesis of anthranilic acid is itself interrupted (Pig. 3). 

Theoretically it should be possible to determine the precursors 
of anthranilic acid if the necessary mutant strains were available 
and were studied under the right conditions. There is no inher¬ 
ent reason why the course of bios3aithesis cannot be determined 
by the method of biochemical genetics all the way back to the 
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inorganic starting materials. We know that the first step in the 
utilization of nitrate nitrogen through its reduction to nitrite is 
subject to gene control. Of course it is not possible to determine 
completely the course of biosynthesis of compounds from inor¬ 
ganic precursors in Neurospora itself because this organism is 
dependent on an external source of some energy-supplying carbon 
compound. There is, however, no apparent reason why the same 
general method cannot be applied in chemo- or photosynthetic 
organisms. 

Using the same general methods illustrated in the above ac- 
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Fig. 3. The course of tryptophane synthesis in Neurospora. 

counts of studies in arginine and tryptophane synthesis in Neuro¬ 
spora, investigations are underway which promise to tell us some¬ 
thing about the precursors of choline (17) and nicotinic acid 
(27). In both instances mutant types are known in which the 
synthesis of the end product is blocked but in which, under con¬ 
ditions permitting some growth, a precursor is produced and 
accumulated. In each case a second mutant type is known for 
which the precursor is active in promoting growth. The complete 
chemical identification of these precursors has not yet been made 
but the two examples serve to show that the method in which the 
gene concept plays an important part is applicable in other situ¬ 
ations. 
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The above account indicates that a variety of chemical reactions 
characteristic of the organism are dependent on the presence of 
particular genes in a specific form. If these genes undergo muta¬ 
tions of certain types, the specific reactions which they control 
fail to be carried out in a normal fashion. If the product of a 
reaction blocked in this way is a stable substance that can be 
supplied the organism from outside, the genetic and biochemical 
defect can be circumvented. The organism then becomes depen¬ 
dent on an external source of the particular compound. It is 
known that evolutionary specialization frequently involves such 
loss of synthetic ability (28, 29, 30). We ourselves, for example, 
are dependent on external sources of amino acids, vitamins, and 
other compounds of biological importance. Presumably some¬ 
where among our remote ancestors were creatures who were more 
versatile than we in their synthetic abilities. Such studies as 
those on Neurospora indicate the probable genetic basis of such 
evolutionary specialization in metabolic function. 

A natural and most significant question concerns the nature of 
the mechanism by which genes are related to chemical reactions. 
Unfortunately we appear to be a long way from final answers to 
questions of this kind. It is, however, possible to suggest a 
hypothesis that may have a use in directing our further efforts 
to obtain the desired answers. Since this of necessity involves 
the nature of the gene itself, it is important to consider such evi¬ 
dence as we have in this regard. Direct chemical analysis of 
chromosomes shows them to be at least largely composed of nucleo- 
proteins of one type or another (31). But since genes may make 
up only a small fraction of chromatin, this method does not give 
a final answer. Ultraviolet radiation produces gene mutations 
and its efficiency per unit energy varies with the wavelength in 
a manner similar to its absorption by nucleic acid (32, 33). This 
indicates that the energy effective in producing mutations is 
absorbed by nucleic acid. The simplest assumption is that this 
is so because the nucleic acid is a direct gene constituent, but it is 
of course also possible that the energy absorbed by nucleic acid 
is transferred to the gene. A third line of evidence, also indirect, 
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involves a comparison of viruses and genes. Both have the prop¬ 
erty of self-duplication and in expressing this property they are 
both dependent on an array of raw materials such as is found in 
the living cell. On the basis of admittedly crude estimates, genes 
appear to be of about the same size as medium-sized viruses. 
Genes are mutable and the process is at least sometimes reversible. 
This property is likewise characteristic of viruses (34). Such 
viruses as have been obtained in pure form have been shown by 
direct chemical analysis to be nucleoproteins (34, 34a, 35). Al¬ 
though many of the larger viruses may be compound structures, 
corresponding to several or many genes, they are all probably 
essentially gene-like. The similarity suggests that if one is 
nucleoprotein in nature, the other probably is too. The total 
circumstantial evidence that genes are nucleoproteins or contain 
nucleoproteins is therefore considerable and we are justified in 
basing a hypothesis on this assumption. 

An indispensable property of genes is their power of self-dupli¬ 
cation. The thousands of genes present in a single cell must 
duplicate themselves once every cell generation. If they do con¬ 
tain proteins, their specific proteins must be elaborated before or 
during duplication. A commonly held view is that gene dupli¬ 
cation directly involves protein synthesis (5, 36, 37, 38). The 
gene may serve as a master molecule or model against which com¬ 
ponent parts, possibly individually small, of the new gene are put 
together in a pattern corresponding both chemically and physi¬ 
cally to the old gene. An alternative possibility is that proteins 
are built up stepwise through amino acids or similar compounds, 
dipeptides, polypeptides, and so on, up to the final molecule, with 
no step being more complicated chemically than reactions now 
known to us. Regardless of which of these views is correct—and 
there seems to be no valid basis for choosing between them at 
present—the gene can be visualized as directing the final con¬ 
figuration of a protein molecule and thus determining its spec¬ 
ificity. A given protein molecule, patterned after a particular 
gene, might become a component of a new gene like the one from 
which it was copied or it might become an antigenically active 
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protein, an enzyme protein, or a storage protein. The factors 
determining which of these fates befalls a given molecule are 
beyond our present knowledge. Actually, there is no good basis 
for supposing that these categories are mutually exclusive. 

If genes in some way direct the configurations of protein mole¬ 
cules during their elaboration, it is not necessary to assume that 
they function in any other way. Their known relations to anti¬ 
gens, which seem usually to be direct (5, 14, 39, 40), would be 
accounted for if this were so. The protein components of enzymes 
would likewise have their specificities imposed fairly directly by 
genes and the one-to-one relation observed to exist between genes 
and chemical reactions should be a consequence. It should fol¬ 
low, indeed, that every enzymatically catalyzed reaction that goes 
on in an organism should depend directly on the gene responsible 
for the specificity of the enzyme concerned. Furthermore, for 
reasons of economy in the evolutionary process, one might expect 
that with few exceptions the final specificity of a particular 
enzyme would be imposed by only one gene. 

Whatever is the mechanism by which gene and enzyme are 
related, there must exist a hierarchy of gene control. On any 
basis the components from which a given protein molecule is con¬ 
structed must themselves be synthesized and these reactions, one 
or more steps removed from the final act of protein elaboration, 
depend on enzymes which in turn depend on other genes. On this 
view, the final specificity of an enzyme molecule is set by a par¬ 
ticular gene (primary control), but many other genes must play 
an essential part at earlier stages (secondary control). Experi¬ 
mentally, it is not always easy to distinguish between the primary 
action of a particular gene and secondary consequences (7). 
This is only another way of saying that the organism is not merely 
a bundle of self-duplicating units each acting independently but 
is rather a most highly integrated and complex system of such 
units. 

It is perhaps unnecessary to state the obvious conclusion that 
if one is to understand the metabolism of the organism in the 
most complete way possible, genes must be taken into account. 
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Too often in the past these units have been regarded as the exclu¬ 
sive property of the geneticist. The biochemist cannot under¬ 
stand what goes on chemically in the organism without consider¬ 
ing genes any more than a geneticist can fully appreciate the gene 
without taking into account what it is and what it does. It is a 
most unfortunate consequence of human limitations and the in¬ 
flexible organization of our institutions of higher learning that 
investigators tend to be forced into laboratories with such labels 
as ‘‘biochemistry’’ or “genetics.” The gene does not recognize 
the distinction—^we should at least minimize it. 
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CHEMOTHERAPY OF HYPER¬ 
THYROIDISM** 

E. B. ASTWOOD 

Assistant Professor of Pharmacotherapy, Harvard Medical School, Boston 

Long before the element iodine was discovered materials now 
known to contain it were used for the treatment of simple 

or endemic goiter. During the past thirty years this element 
which is so effective in the prevention of goiter has been used 
with success in the treatment of hyperthyroidism. The mecha¬ 
nism of this unexpected effect of iodine is still a mystery though 
it has been the subject of intensive investigation for many years. 
The topic of this evening’s discussion may seem to be even more 
curious for it deals with substances which have in common the 
property of causing goiter and of curing hyperthyroidism. 

This review will attempt to show how studies on the mechanism 
of action of goitrogens led to the concept that certain chemical 
substances interfere with the normal endocrine function of the 
thyroid gland and how these compounds can be used for the 
treatment of hyperthyroidism. For the sake of brevity, and I 
hope with your permission, reference will be limited to work 
which has been done during the past four years. 

A major stimulus to the recent studies on goitrogens was the 
discovery by Mackenzie, Mackenzie and McCollum (1) that goiter 
could be readily induced in rats by the administration of sulfa- 
guanidine. This goitrogenic effect was more rapidly obtained 
than any previously reported and this was the first chemical sub¬ 
stance shown to be goitrogenic in the presence of an adequate or 
excessive iodine intake. Also during the year 1941 there ap¬ 
peared from a second Baltimore laboratory the report by Richter 
and Clisby (2) that phenylthiourea is goitrogenic in rats and 
from Hercus’ laboratory in New Zealand reports of studies which 

1 Lecture delivered March 15, 1945. 
2 From the Departments of Medicine and Pharmacology, Harvard Medical 

School, and the Medical Clinic of the Peter Bent Brigham Hospital, Boston. 
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had extended over several years on the mechanism of the goitro¬ 
genic effects of diets containing rape seed (3, 4, 5). 

These reports aroused great interest; they provided the basis 
for extensive studies of the mechanism of action of goitrogenic 
agents and of the chemical nature of compounds with this inter¬ 
esting property of causing thyroid enlargement. By the end 
of the year 1941 our interest was diverted from less interesting 
aspects of thyroid physiology to an investigation of the mecha¬ 
nism of action of sulfaguanidine. 

A variety of feeding experiments permitted observation of the 
food consumption, growth rate and development of young rats 
given sulfaguanidine. While the thyroid glands of the treated 
animals were undergoing extraordinary hyperplastic changes 
characteristic of intense thyrotropic stimulation the animals be¬ 
gan to eat less food and eventually to suffer a decreased rate of 
growth, effects which were reminiscent of those which follow 
thyroidectomy. It was soon apparent that the treated animals 
were indeed hypothyroid even though the thyroid glands seemed 
overactive. Thyroid hormone was then given with the result 
that the effects of the goitrogen were altogether abolished. This 
suggested that the goiter was a compensatory change resulting 
from the induced state of hypothyroidism. When the hypophy¬ 
ses were removed from the experimental animals the goitrogen 
had no visible effect upon the thyroid gland and even if thyro¬ 
tropin were injected into the hypophysectomized animals its 
stimulating effect was not enhanced by the goitrogen given con¬ 

currently. Finally, thyroid hormone in various doses up to the 
lethal level was administered with and without the goitrogenic 
agent. Neither in normal, in thyroidectomized nor in hypophy¬ 
sectomized animals did the chemical modify the calorigenic or 
toxic actions of the thyroid hormone. 

The conclusion was inescapable that the primary mode of 
action was an inhibition of the formation of thyroid hormone. 
Extensive experiments of the Mackenzies led to similar conclu¬ 
sions and the results of Baltimore and Boston investigations were 
eventually published together in February 1943 (6, 7). 



CHEMOTHERAPY OP HYPERTHYROIDISM 197 

In the meanwhile much more effective compounds were en¬ 
countered and, as we will see later on, thiouracil proved to be 
quite suitable for further physiological experiments. Also, the 
attitude toward these compounds changed—they were no longer 
considered merely as goitrogens but rather as agents with the 
specific property of inducing a chemical thyroidectomy. For the 
want of a more appropriate designation they have been called 
‘‘antithyroid compounds. 

What happens when an antithyroid compound is given con¬ 
tinuously to a normal animal in full doses may be illustrated by 
the effects of thiouracil on the young rat. In Figure 1 it may be 

Fig. 1. Effects of the administration of thiouracil in a concentration 
of 0.1% of the diet to young rats on the iodine concentration and weight 
of the thyroid gland and on the basal metabolic rate. The scales on the 
left and right refer to calories per square meter of body surface per hour 
and the percentage change in metabolic rate respectively. The inner scale 
on the left refers to the iodine concentration in mg. per 100 gm. of wet 
tissue and the thyroid weight in mg. per 100 gm. body weight. 

seen that the first effect is a nearly complete loss of iodine from 
the thyroid gland; as soon as treatment is begun no new hormone 
can be made; one-half of the limited store is used up in one day 
and all of it is exhausted in five days (8). In the meanwhile 
the circulating hormone decreases as is manifest by the com- 
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pensatory enlargement of the thyroid which begins even before 
the gland is free of hormone and continues at a steadily de¬ 
creasing rate for several weeks. After a month or so thyroid 
enlargement just about keeps pace with the growth of the body. 
The decline in basal metabolic rate lags well behind the exhaus¬ 
tion of the thyroid gland but over the course of two months it 
progresses to levels which are probably even lower than those 
which follow thyroidectomy. The curve shown in the figure is 
a composite one drawn through the scattered points of individual 
metabolism determinations on different animals. Each animal 
was used but once in order to avoid the effects of repeated fasting. 

Prolonged administration of effective doses of thiouracil to 
rats causes an arrest of development and a retardation in 
growth. The younger the animal the more striking the effect 
and when rats are treated from birth, cretinism results (9). 

Hughes has also shown that toxic effects of the drug do not con¬ 
tribute to this cretinous condition because growth and develop¬ 
ment are normal if appropriate doses of thyroxin are given con¬ 
currently (10). During the third and fourth weeks of life the 
mortality among the cretinous animals is very high and it seems 
logical to assume that a complete absence of thyroid hormone 
may be incompatible with life in this species; those individuals 
which do survive may be supposed to have synthesized minimal 
amounts of thyroxin at times when the concentration of thiouracil 
in the body may have fallen too low for complete inhibition. 

When treatment is initiated later in life the animals are not 
made really cretinous but growth continues for many weeks. 
Finally growth ceases but can be reinitiated even after many 
months by the injection of thyroxin (Fig. 2). Likewise, growth 
is resumed and may continue for several weeks if thiouracil is 
removed from the diet for a period of only 24 to 48 hours; sug¬ 
gesting that effective amounts of thyroid hormone can be rapidly 

synthesized when adequate concentrations of thiouracil are not 
maintained. In this figure it will also be noted that a small dose 
of thiouracil given from the 21st day of life for a period of 9J 
months resulted in increased growth. This was not just an in- 
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crease in body weight but actually involved a proportional gain 
in skeletal dimensions. This might imply that a mild degree of 
hypothyroidism is conducive to excessive growth in this species, 
a more reasonable assumption than the postulate that thiouracil 
in small doses has the property of an accessory food factor. 

Fig. 2. Body weight changes of normal rats and their litter mates fed 

diets containing 0.01, 0.1 and 1.0% thiouracil in the diet from the 21st 

day of Ufe for 255 days. 5 jig. of thyroxin was administered daily to 

the animal receiving 1.0% during the period indicated by the arrows. A 

single injection of 100 jxg. of thyroxin was given to one of the animals 

receiving 0.1% at the time shown by the arrow; these two rats were caged 

together. 

The effect of thiouracil in other species and at different ages 
varies widely both as regards the degree of thyroid hyperplasia 
and the extent of the changes to be seen in the organism as a 
whole. The pronounced compensatory hyperplasia which is seen 
in rapidly growing young rats is much less striking in the adult 
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animal and still less pronounced in the guinea pig, indeed in very 
young guinea pigs the thyroid gland may actually be reduced 
in size by thiouracil. Waldo (11) has found the mouse to be 
quite insensitive to this compound, even large doses do not induce 
so great an effect in this species as in the rat. Engle (12) has 
found that full doses have but a minimal effect in the rhesus 
monkey—a particularly significant observation in view of the 
fact that thyroidectomy has so little effect in this species. 

The most enormous thyroid enlargement yet seen is that of 
the thiouracil-treated chick. Also, this species suffers greatly 
from a lack of thyroid hormone and when full doses of thio¬ 
uracil are given from the time of hatching a most curious picture 
results. Body feathers, comb, wattles and spurs remain unde¬ 
veloped, the muscles are weak, the joints are hypermobile, the 
body skeleton is much retarded in development but body fat 
accumulates and the chick finally is unable to stand. This state 
is presumably the avian counterpart of mammalian myxedema 

(13). 
Some of the lower vertebrates have also been shown to be 

affected by thiourea and thiouracil. A small tropical fish has 
been shown not to develop if thiourea is mixed with the aquarium 
water (14). Normal amphibian metamorphosis is prevented 
(15) and this has been shown to be due to an effect on the thyroid 
gland itself, for thyroxin is still capable of inducing metamor¬ 
phosis in the presence of thiouracil while thyrotropin is not (16). 
On the other hand the adult newt {Tritvxus viridescens) seemed 
not to be affected by either thiourea or thiouracil. Singer (17) 
administered these compounds in the water as well as by injec¬ 
tion without observing any effect upon moulting, a process known 
to require the thyroid hormone (18). 

Perhaps the degree of effect to be anticipated in various species 
and at various ages is best correlated with the intensity of thyroid 
function which normally obtains. Inhibition of an active thyroid 
gland would be expected to have more noticeable consequences 
than the further depression of a gland which is already almost 
inert. This principle can be demonstrated by merely changing 
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the environmental temperature. Thyroid hyperplasia in the rat 
in response to thiouracil can be practically abolished by pro¬ 
viding a suflSciently warm environment (19). It will be ap¬ 
parent that such considerations as the foregoing have a bearing 
on the results to be anticipated from the administration of anti¬ 
thyroid compounds to man. 

It would be of considerable biological interest to know whether 
the action of these compounds is confined to the vertebrates and 
whether metamorphosis in the lower chordates may not be con¬ 
ditioned by a thyroid hormone. Indeed the possible effects of 
thiourea derivatives on subvertebrate forms would be an inter¬ 
esting enquiry for perhaps a homologous hormone is important 
to them also. If it be true that vertebrate tissue other than the 
thyroid gland can synthesize thyroid hormone, as indicated by 
the work on thyroidectomized rats by Chapman (20) who used 
iodine deficient diets and by Morton, Chaikoff, Reinhardt and 
Anderson (21) using radioactive iodine, then it is quite possible 
that a thyroid hormone might be synthesized by animals which 
possess no microscopically recognizable thyroid tissue. 

Effects of iodide. The Mackenzies (22) showed clearly that 
relatively large supplements of iodide did not inhibit the goitro¬ 
genic effect of sulfaguanidine. In the case of thiourea it was 
found that maximal doses of iodide caused only a slight inhibi¬ 
tion of thyroid hyperplasia (7). Recently, however, McGinty 
(23) has shown that added iodide has a marked effect on the 
iodine content of the thyroids of thiouracil-treated rats. This 
effect was readily confirmed. The addition of potassium iodide 
to the drinking water in amounts of from 10 to 1000 mg. per 
liter inhibited slightly the compensatory enlargement of the 
thyroid gland resulting from the concomitant administration of 
thiouracil in the diet for 10 days. The effect on the resulting 
iodine concentration of the glands was much more striking and 
was roughly proportional to the dose of iodine (Fig. 3). It was 
further found that this accumulation of extra iodine did not re¬ 
quire ten days, indeed it could occur in a matter of minutes. 
After 10 days of thiouracil feeding when the thyroid glands are 
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nearly free of iodine, a single dose of KI caused the iodine con¬ 
centration to return half way to normal within 15 minutes. In 
Figure 4 doses of 0.01 to 10 mg. of KI may be seen to cause a 
proportional increase in iodine in the thyroid gland of thiouracil- 
treated rats within one hour. The smaller the dose the larger the 
proportion of the injected dose accumulated. Similarly the 
iodine-depleted glands of animals fed an iodine-deficient diet 
rapidly accumulated iodine when KI was given. A full dose of 

Fig. 3. Effect of addition of potassium iodide to the drinking water in 

concentrations of from 1 to 1000 mg. per liter (log. scale) on the iodine 

concentration of the thyroid glands of rats given thiouracil in the diet for 

10 days in concentrations of 0.01% (circles with dots), 0.1% (open circles) 

and 1.0% (solid circles). 

thiouracil failed to prevent the immediate uptake of iodine under 
these conditions also. Such large accumulations of iodine do not 
follow the injection of KI in the normal animal. The iodine 
which is rapidly accumulated by the thiouracil-treated gland 
must enter little if at all into the synthesis of thyroid hormone, 
for the compensatory enlargement is not markedly modified. 
The accumulated iodine appears to remain unattached to protein 
as the experiment shown in Table 1 indicates. The oven-dried 
glands were finely ground and extracted with distilled water, a 
procedure which leaves the major portion of the iodine of normal 
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thyroid tissue with the denatured protein. The iodine newly 
accumulated in the thiouracil-treated glands was nearly all 
(96.7%) water-soluble. These findings though obtained by dif¬ 
ferent methods are fully confirmatory to those of McGinty. 

Fig. 4. Effect of a single intraperitoneal injection of potassium iodide 

in doses of from 0.01 to 10 mg. in 0.1 cc. of water on the total iodine content 

of the thyroid glands of rats treated for 10 days with 0.2% thiouracil in 

the diet. The aniihals were killed one hour after the injection. The figures 

beside the points represent the percentage of the injected dose which ac¬ 

cumulated in the thyroid gland. 

A different effect is observable when the dose of thiouracil is 
only partially inhibitory. When about one-tenth of the fully 

effective dose of thiouracil is given, thyroid inhibition becomes 
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TABLE 1 

Fractionation of the Iodine Contained in Normal Thyroid Glands and 
That Accumulated in the Glands of Thiouracil-Treated Bats One 

Hour after the Injection of S‘00 pug. of Potassium Iodide 

Total iodine, 
mg./lOO gm. 

wet tissue 

Soluble in 

water % 

Insol. in 

water % 

Normal thyroids . 109.8 28.0 72.0 

Thiouracil-treated glands 

after KI . 30.8 96.7 3.3 

much more marked when the iodine intake is reduced (Table 2). 
How can these findings be explained? The accumulation of 
iodine by fully inhibited glands without appreciably influencing 
the synthesis of thyroid hormone implies that there is a mecha¬ 
nism, distinct from the iodination system, permitting the accu¬ 
mulation and storage of iodide. Once the iodide is oxidized it 
would presumably be immediately bound to tyrosine and be 
found in the protein fraction. It is most difficult to imagine 
what type of combination could exist which would permit iodide 
to be held in the thyroid. 

Iodine deficiency has such a strong potentiating influence on 
the goitrogenic action of small doses of thiouracil that it is ap¬ 
parent that still smaller doses of thiouracil would be detectable 

TABLE 2 

Effect of a Low Iodine Viet on the Besponsiveness of the Thyroid Gland 
of the Bat to a Small Dose of Thiouracil for 10 Bays 

Treatment 

Thyroid weight, 

mg./lOO gm. 

body wt. 

Iodine concentra¬ 

tion, mg./lOO gm. 

wet tissue 

Normal diet . 7.8 58.8 

Low iodine diet . 9.2 39.4 

Normal diet+ 0.01% thiouracil . 12.4 8.4 

Low iodine diet+ 0.01% thiouracil 81.1 0.9 
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only if the iodine intake were low. Under such circumstances 
added iodine would abolish the goitrogenic effect. These con¬ 
siderations reopen the question of the nature of goitrogens which 
are inhibited by iodine. It has heretofore been assumed that the 
goitrogenic agent in cabbage and such goitrogens as methyl 
cyanide and thiocyanate which are effective only in the presence 
of a low iodine intake are fundamentally different from the 
thiourea and aminobenzene derivatives (24). This may not be 
so at all; the apparent difference may be one only of degree, 
the goitrogens requiring an iodine deficiency may be qualitatively 
similar but just quantitatively low in inherent potency. This 
subject requires further study. 

The greater effectiveness of thiouracil with low intakes of 
iodine also has clinical implications. In the treatment of hyper¬ 
thyroidism a greater effect might be expected in the presence of 
an iodine deficiency and perhaps smaller doses could be employed 
if the iodine intake were restricted. Perhaps, too, thyrotoxicosis 
tends to deplete the store of iodine and it may be that this con¬ 
tributes to the high effectiveness of drugs like thiouracil in hyper¬ 
thyroidism. Were this true some of the variability in the clin¬ 
ical response to thiouracil could be attributed to differences in the 
extent of the iodine deficiency at the time treatment is started. 
This factor could also contribute to the delayed response to thio¬ 
uracil which is observed in cases previously treated with iodine. 

RELATION OP CHEMICAL STRUCTURE TO ANTITHYROID ACTIVITT 

By current standards the first goitrogens to be described were 
of very low activity and the development of highly effective 
agents was by no means a simple direct process but one marked 
by many unprofitable detours. The first two compounds to be 
discovered, sulfaguanidine and phenylthiourea, could be imag¬ 
ined to have several analogous groupings and it was assumed that 
there was some chemical grouping common 

A 
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to each which was responsible for their common goitrogenic prop¬ 
erty. Each can be seen to possess a substituted urea-like group, 
a benzene ring attached to nitrogen and one sulfur atom. A 
series of compounds were tested with the aim of finding one 
which was chemically related to both of these goitrogens. This 
search was entirely unprofitable and instead it was found that 
these two compounds represent individual examples of two en¬ 
tirely different groups of active agents. Phenylthiourea is now 
known to be one representative (and an unusually toxic one) 
of a class of active compounds having in common the structure 

—C—R where R is usually a —^N= but in selected cases 
II 
S 

can be an —S— or an —0—. Sulfaguanidine is not active by 
virtue of its sulfur or its urea-like group but is a member of a 
series of compounds which owe their activity to the presence of 
an appropriately substituted aminobenzene grouping. 

While this concept was first beginning to emerge the Mackenzies 
(22) reported the fact that other sulfonamides were active as was 
thiourea itself; shortly thereafter Kennedy (25) suggested that 
allylthiourea might be the active goitrogen of rape seed. 

At first the problem of the chemical structure responsible for 
the goitrogenic effect was interesting because it piqued one's 
curiosity. However, early in 1942 it was already fairly clear 
that these agents inhibit the formation of thyroid hormone, a 
concept which suggested that studies on the human being would 
be most interesting. For this purpose it was naturally desirable 
to have available a highly active nontoxic compound and so the 
study of other chemical structures received an added impetus. 

The first group of some hundred compounds were tested in rats 
by a subjective and inexact but nonetheless tedious method. The 
compound to be tested was given to groups of rats for 10 days 
admixed with the food or drinking water in various concentra¬ 
tions. The animals were then killed, the thyroid glands in¬ 
spected for size and evidence of hyperemia and histological 
preparations of the glands studied under the microscope for 
evidence of hypertrophy, hyperplasia and colloid depletion. 
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Though crude this method permitted the selection of thiouracil 
as a highly active agent suitable for human use (26). A more 
satisfactory method has been used for the assay of the second 
and third hundred compounds (8). The substance in question 
was given to rats as before preferably in the food. At the end 
of 10 days the thyroid glands were weighed and the thyroid tissue 
from a group of 3 rats was pooled together for a determination 
of the total iodine content. Standard curves were constructed 
relating the daily dose of the drug to the weight and to the iodine 
concentration in the gland. The responses to various doses of 
another compound could then be compared with these standard 
curves and a relative activity could be estimated considering thio¬ 
uracil to have an arbitrary activity of 1. This method though 
far superior to the former procedure has serious shortcomings. 
There is considerable variation in the response to a given dose; 
a reduction in the iodine content of the diet causes a marked 
increase in the response; added iodine depresses the weight re¬ 
sponse slightly while greatly increasing the iodine concentration. 
These factors are subject to control by the use of large numbers 
of animals and by running standard doses of thiouracil with 
each group of substances being tested. A more serious limitation 
of the method derives from the fact that compounds differ quali¬ 
tatively and give dose-reponse curves which may differ widely in 
shape from the standard thiouracil curve. It is obviously im¬ 
possible to make quantitative comparisons between qualitatively 
different properties and this difficulty had to be resolved by 
adopting an arbitrary degree of response and comparing com¬ 
pounds on the basis of the dose required to cause this response. 
The most appropriate region for comparative purposes seemed to 
be that which corresponded to a daily dose of thiouracil of 0.2 
to 2.0 mg. per 100 gm. of body weight per day. The lower dose 
had no effect on thyroid size but lowered the iodine concentration 
to 50% of normal, the higher dose reduced the iodine concentra¬ 
tion to one-tenth of normal and caused about a doubling of 
thyroid size. Even when thus restricted the curves from differ¬ 
ent compounds did not superimpose and in certain instances a 
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statement of activity could be little more accurate than a guess. 
The several curves in Figure 5 are the responses to seven differ¬ 
ent compounds. The iodine concentration curves are not so un¬ 
satisfactory as the weight curves but it is apparent that curve 6 

Fig. 5. Bosage-response curves of eight antithyroid compounds relating 

the iodine concentration (upper curves) and the weight of the thyroid gland 

(lower curves) after 10 days of treatment to the dose. The dose, plotted 

on a logarithmic scale, is expressed in mg. per 100 gm, of body weight per 

day. 1. 6-n-Propylthiouracil; 2. 6-Ethylthiouracil; 3. Thiouracilj 4. Thio- 

barbital; 5. 5,5-Biallylthiobarbituric acid; 6. S-Mercaptothia^oline; 7. Promi- 
zole; 8. Thiourea. 

(2-mercaptothiazoline) is steeper than curve 3 (thiouracil stand¬ 
ard) while curve 4 (5,5-diethyl-2-thiobarbituric acid) is less steep 
than the standard curve. The thyroid weight curves differ widely. 
At one extreme curve 6 (mercaptothiazoline) is very steep while 
curve 6 (5,5-diallyl-2-thiobarbituric acid) is extraordinarily flat. 
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At one point curves 3, 5 and 6 cross and at this point, but at no 
other, the activities of the three compounds could be considered 
as exactly equivalent. It is obviously impossible to say which 
is the most active of the three. 

Something quite new and fundamental may lie behind these 
quantitatively unsatisfactory results. A simple matter of rate 
of absorption and elimination may be the answer to the steepness 
of curve 6. It has been found that a single dose of 2-mercapto- 
thiazoline has a prolonged action on the thyroid suggesting that 
it is slowly degraded or excreted by the body. Reasoning by 
analogy from drugs with this property, this compound could be 
considered to have a cumulative effect; very small doses may then 
not give rise to an effective concentration in the body in 10 days 
and thus give a low response value. With slightly larger doses 
effective levels would be obtained and then the steady concentra¬ 
tion would be highly effective in inhibiting thyroid function. 
On the other hand no explanation for the flatness of curves like 

No. 5 have yet been found. It would seem that large doses of 
compounds such as the thiobarbiturates actively depress the 
thyroid gland and were this true it would be most interesting 
to know whether the effect is on the thyroid, on the pituitary 
or actually on some region of the brain. The sedative effect of 
the barbiturate is not responsible, for compounds such as pheno- 
barbitol, pentobarbital, chloral hydrate and sulfonal were tested 
and found not to modify the thyroid response to thiouracil. 

For clinical purposes it would be desirable for a compound to 
have a prolonged action after a single dose so that a steady effect 
could be maintained by infrequent dosage. This quality is diffi¬ 
cult to study but some information can be obtained by comparing 
the apparent activity of compounds when infrequent doses are 
given to the test animals. One experiment is shown in Table 3 
in which it may be seen that thiouracil is less than one-tenth as 
effective when injected once daily as when given admixed with 
the food. Thiobarbital is not quite so quickly disposed of as thio¬ 
uracil while 2-mercaptothiazoline is just as effective when given 
every 48 hours as when it is continuously supplied in the diet. 
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It may be of interest to the chemists present to review briefly 
the compounds which have recently been tested. 

The relative activities of some representative compounds of the 
thio series are shown in Figure 6. Thiourea is about one-tenth 
as active as thiouracil and when all of the hydrogens of thiourea 
are replaced by methyl groups the activity is trebled. This is of 
interest because of the question of the active form of the thio- 
ureylene grouping and suggests that the thio conflguration rather 

TABLE 3 

Influence of the Interval between Doses on the Apparent Activities of 

Several Compounds 

Belative activity (thiouracil = 1.0) 

Compound Mixed Subcutaneous Subcutaneous 

with injections injections 

diet once daily every 2 days 

Thiouracil . 1.0 0.08 0.03 

Thiobarbital . 1.7 0.18 0.25 

Thiourea . 

Dithiouracil . 1.1 

Mercapto thiazoline... 1.3 1.4 

than the mercapto is the state associated with the antithyroid 
effect. Substitution on the sulfur as in methylisothiourea abol¬ 
ishes activity. The enclosure of a thiourea group into a flve- 
membered heterocyclic ring often enhances activity as well as 
toxicity; 2-mercaptoimidiazole is more active than thiouracil. 
Tranposition of the sulfur and one of the nitrogens as in 2-amino- 
thiazole does not abolish activity. It has been found also that 
one of the nitrogens of the thioureylene group can be replaced 
by sulfur or oxygen without complete loss of activity as in 2-mer- 
captothiazoline and 2-mercaptooxazoline. 2-Mercaptotriazole and 
several of its derivatives are active as are several 2-mercaptothia- 
diazoles particularly 2-mercapto-5-amino-l,3,4-thiadiazole which 
is about one and one-half times as active as thiouracil. The only 
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member of the 2-mercaptothiazine group of appreciable activity 
is 2-mercapto-5,6-dihydro-l,3,4-thiazine. The three representa¬ 
tives shown of the many inactive compounds of similar consti¬ 
tution, thiopropionamide, methyl-N,N'-dimethyldithiocarbamate 
and propiorhodanine suggest that there is some further, but as 
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Fig. 6. Antithyroid activity of some compounds as compared with that 

of thiouracil (activity = 1.00). The compounds shown are: thiourea, tetra- 

methylthiourea, 2-mereaptoimidazole, 2-aminothiazole, 2<mercaptothiazoline, 

2-mercaptooxazoline, 2-mercaptothiazole, 2’mercapto*5-amino-l,3,4-thiadiazole, 

2-mercapto-5,6-dihydrothiazine, thiopropionamide, methyl-N,N-dimethyldithio- 

carbamate, and propiorhodanine. 

yet obscure, character concerned with biological activity besides 
the simple nitrogen-carbon-sulfur configuration depicted in the 

diagrams. 
The large series of 2-thiobarbituric acids which have been 
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tested indicates quite clearly that both of the hydrogens of posi¬ 
tion 5 must be replaced in order that activity be present (Pig. 7). 
The dimethyl derivative is about equal to thiourea in potency 
while the diethyl is well above thiouracil. As larger groups are 
substituted antithyroid activity falls and the compounds become 
more potent hypnotics. 

Of all the compounds tested to date the most active ones have 
been found among the alkyl derivatives of thiouracil synthesized 
recently by Halverstadt, Anderson, Miller and Roblin (27). 
Substitution on position 5 enhances the effectiveness of thiouracil 

R R‘ ACTIVITY 

X
 

1 X
 <0.003 

NH-C*0 

1 > 
? 
NH-C*0 

-H -CHeCHs 

-CHs -CHs 

<0.003 

0.1 

-CHgCHs -CHeCHs 1.7 

-CH2CH5 “CHCqh, 0.8 

Fig. 7. The relative antithyroid activities of some 2-thiobarbituric acids. 

somewhat, a maximal increase of three-fold being obtained with 
an ethyl or isopropyl group. Alkyl groups on position 6 confer 
even greater potentiation and in this instance also the maximum 
seem to be near the ethyl derivative which is about seven times 
as active as thiouracil (Fig. 8). Preliminary toxicity tests in 
small rats with the limited quantities of these compounds thus 
far available indicate that toxicity is not proportionately 
increased. 

Curiously enough a number of 5- and 6-substituted thiouracils 
are completely inert. Groups which thus far have been found 
to have this unfortunate effect include amino, hydroxy, carboxy, 
carbethoxy, and cyano groups. The reason for this seeming 
anomaly is obscure but it would appear that from an analysis 
of this striking phenomenon may come an answer to the struc¬ 
tural basis of antithyroid activity. 
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R R’ ACTIVITY 

-H -H 1. 

-CH^CH, “H 3. 

-CHeCHgCH, -H 1.8 

-H 7.0 
NH-C-O 
1 1 -H -CHxCHxCHcCH, 3. 
C C-R 
1 H , 
NH-C-R’ 

-CN -H <0.001 

-COOCfH5 -H <0.003 

-H -NHt <0.003 

-H -COOH <0.001 

-H -OH <0.003 

Fig. 8. Effect of various substituents on positions 5 and 6 on the anti¬ 

thyroid activity of thiouracil. 

Little of interest has come out of a further study of the amino- 
benzene series of goitrogens. The only compound found to be 
of greater potency than sulfadiazine is promizole and the diffi¬ 
culty here is to decide whether the activity should be ascribed 

ACTIVE INACTIVE 

Z
 

1 0
 

X
 

N - CH 

H,N SOrNH-C CH € ^SOe-NH-C CH 

N —CH N-C-CH, 
0.1 <0.01 

HjN^^SOt-NHe Hg N-CHe SOg-NH, 

0.03 < 0.001 

HC —N 

HtN ^ ^ SOt-CH C-NH, HgNC 7S0fe-NH-C-NH, 

0.3 <0.003 S 

Fio. 9. Three active aminobenzene derivatives and three related com¬ 

pounds of no detectable antithyroid activity. 
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to the aminobenzene or the aminothiazole portion of the molecule 
or perhaps to both. In this series all tests to date affirm the 
necessity that an amino group be attached directly to a benzene 
ring (Fig. 9). 

It is to be recalled that the activities of these compounds have 
been determined only in one species of animal—^the rat, and there 
is no way of knowing whether comparable relative activities 
would obtain in man. Thus far only three compounds have been 
tested in man to a sufficient extent to permit a judgment of their 
relative activities: thiourea, thiouracil and thiobarbital when 
compared as accurately as possible in the rat test yield activities 
in the ratio 0.13, 1.0 and 1.7 respectively. In man doses used 
for the treatment of hyperthyroidism are about 2, 0.4 and 0.15 
grams per day respectively, indicating relative activities of the 
order of 0.2, 1 and 2.7. Considering the wide error inherent in 
the estimate of the clinical dosages the values for rat and for 
man are roughly comparable. This degree of parallelism may not 
hold for other compounds, however. Two other compounds are 
known to have been tested in man. Hercus and Purves (28) have 
reported that 0.4 gm. daily of allylthiourea is effective in hyper¬ 
thyroidism but that mild toxic effects were so frequently en¬ 
countered that its use was abandoned. We have tested 6-ethyl- 
thiouracil in 12 patients so far. In the dose given no toxic effects 
have been noted but the minimal effective dose is yet to be 
determined. 

A far greater error in judgment is to be anticipated when one 

attempts to use animal toxicity studies as an index of the clinical 
applicability of the newer compounds. The toxic reactions ob¬ 
served in man to thiourea, thiouracil and thiobarbital were 
wholly unpredictable from animal toxicity tests. Toxic doses of 
thiouracil in rats give rise to nervous irritability and tremor. 
In man no neurological disturbances have followed its adminis¬ 
tration; the common reaction, drug fever, has not been repro¬ 
duced in animals and the serious reaction, agranulocytosis, has 
not been observed in animals though a moderate degree of benign 
leukopenia has subsequently been induced in rats with thiourea 
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(29). The toxicity of allylthiourea in man could, however, have 
been predicted from animal studies. It is quite conceivable that 
a compound which is not highly active in animals and which may 
even seem to be more toxic than thiouracil might prove to be suit¬ 
able for human use by virtue of a freedom from the property of 
provoking sensitivity reactions. 

MECHANISM OF ACTION 

When the statement is made that these compounds act by 
inhibiting the synthesis of thyroid hormone all that has been 
fairly definitely established has been said. To go further and 
attempt a precise explanation of the chemical processes concerned 
would involve considerable speculation. The diflSculty lies in 
the fact that the natural process of thyroxin synthesis in the body 
is poorly understood. One might assume that as starting mate¬ 
rials iodide and tyrosine are used. In order that the iodide 
which reaches the thyroid gland become incorporated into the 
tyrosine molecule the iodide must be oxidized. The diiodotyrosine 
must then be subjected to a second oxidation so that two diiodo¬ 
tyrosine molecules might couple through an ether linkage with 
the loss of one side chain to form thyroxin. It seems likely that 
free tyrosine is not involved in these reactions but rather tyrosine 
residues of a protein. This protein might be considered to be part 
of the enzyme system at first; when some of its tyrosine residues 
are finally converted to thyroxin residues thyroglobulin results. 

While it has been shown by von Mutzenbecher (30) that diiodo¬ 
tyrosine in slightly alkaline solution will spontaneously form a 
minute amount of thyroxin at a very slow rate, incubation of 
iodinated casein under somewhat similar conditions yields very 
large quantities of thyroxin (31). Harrington has shown that 
oxidizing agents promote the formation of thyroxin from diiodo¬ 
tyrosine in vitra (32) and it is probable that free iodine serves 
as the oxidizing agent for the formation of thyroxin from 
iodinated casein. This rapid formation of thyroxin in vitro 
from the iodinated tyrosine residues of casein with the formation 
of a protein containing thyroxin as an integral part of itself may 
be a model of the process which takes place in the th3rroid gland. 
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For the thyroid gland to effect a similar synthetic process one 
must postulate an oxidizing system of sufficiently high potential 
to oxidize iodide. The commonly known biological systems are 
inadequate for this step and the strongly reducing environment 
of the cell imposes a further difficulty. Dempsey (33) has de¬ 
scribed fine granules in the thyroid cell and has presented histo- 
chemical evidence that these granules contain a peroxidase which 
is inhibitable by dilute solutions of thiouracil. Hydrogen perox¬ 
ide and such an enzyme could effectively oxidize iodide and as 
Westerfeld and Lowe (34) have shown could also perform the 
oxidation of the diiodotyrosine to form the diphenyl ether. The 
difficulty lies in the fact that a peroxidase has not yet been 
isolated from thyroid tissue by chemical means; Glouck (35) was 
unable to do so and our many attempts have always failed. In 
any event at least one and perhaps two enzymes are probably 
involved in the synthesis of thyroxin and antithyroid compounds 
could be supposed to act by inhibition of one or the other of these. 

A somewhat more likely explanation of the action of the 
thiourea-like compounds involves their reducing properties. It 
has been found (36) that thiouracil reacts rapidly with iodine 
in buffered neutral or alkaline solutions. When one equivalent 
of iodine is added to thiouracil under these conditions the reac¬ 
tion is almost instantaneous. The iodine is reduced to iodide and 
the thiouracil is oxidized to the disulfide. At least the disulfide 
could be isolated in nearly quantitative 

2R-SH + l2^R-S-S-R + 2HI 

yields; it is still possible that an intermediate step was not de¬ 
tected. Thiouracil could be shown to prevent the iodination of 
tyrosine and of casein by reducing the iodine so rapidly that no 
iodination was possible. This reaction is not strictly reversible 
because the disulfide is unstable. However in acid solution the 
disulfide will oxidize iodide to iodine and thereby be reduced 
by thiouracil. The point at which the reaction goes half way to 
completion in the first few seconds is at about pH 2.5 and this 
implies that the redox potential of the thiouracil-disulfide system 
is less than three hundred millivolts negative to the iodine-iodide 
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system under physiological conditions. Most of the thio com¬ 
pounds tested will reduce, at a progressively decreasing rate, 
several equivalents of iodine. As eight equivalents appears to be 
maximal it is possible that the sulfur is oxidized to sulfate. If 
such a reaction were postulated to take place within the thyroid 
cell it would effectively explain the observed defect in iodination 
for any oxidation of iodide would be, in effect, prevented. Such 
a theory must take into account the fact that there are many 
compounds containing a sulfhydryl group such as cysteine and 
glutathione which are equally efficient in reducing iodine but 
which are without effect upon the thyroid gland. This difficulty 
could be resolved if one assumed that the special system of high 
oxidation potential which effects iodide oxidation is shut off from 
the reducing environment of the cell, perhaps in the tiny granules 
described by Dempsey. It would then be possible that compounds 
such as cysteine would be oxidized before they could penetrate 
into this special area, and only those compounds whose redox 
potential is sufficiently high could survive in the reduced state 
to reach the enzyme. It is perhaps significant that all the active 
compounds in this series thus far tested react rapidly with iodine. 

This theory has the added disadvantage of not accounting for 
the action of compounds of the amino-benzene type. Prom the 
in vivo studies heretofore mentioned thyroxin synthesis seems to 
be affected at the first step, i.e., the oxidation of iodide. Both 
classes of antithyroid compounds could be supposed to inhibit 
the enzyme concerned; the thio compounds could prevent this 
step by virtue of their reducing properties. Neither class of 
compounds seems to interfere with the curious mechanism which 
permits the thyroid gland to accumulate iodide. 

In vivo studies using radioactive iodide would seem to show 
that these antithyroid agents markedly inhibit the accumulation 
of iodine in the thyroid gland (37, 38, 39, 40), findings which are 
at variance with the rapid and extensive accumulation of iodine 
referred to heretofore which follows the injection of large doses 
of iodide into thiouracil-treated rats. This disparity can only 
partially be resolved on the basis of differences in the dose of 



218 THE HARVEY LECTURES 

iodide. It is of great interest in this connection that in vitro 
experiments with thyroid slices indicate that neither the sulfon¬ 
amides (41) nor thiourea derivatives (42) inhibit the uptake and 
concentration of iodine by thyroid tissue, although these com¬ 
pounds markedly inhibit the incorporation of this iodine into 
diiodotyrosine and thyroxin. The latter findings support the 
view that the inhibition of thyroid hormone formation by anti¬ 
thyroid compounds involves an early step in the synthetic process. 
Miller and others (43) have recently shown that radioactive 
iodide exchanges rapidly in vitro with the normal iodine in 
diiodotyrosine under certain circumstances. Whether a similar 
exchange can occur in vivo has not been determined and the 
extent to which this discovery should modify the interpretation 
of the studies with radioactive iodine is still an open question. 

TREATMENT OP TOXIC GOITER 

Just three years ago this month the first clinical trials in 
hyperthyroidism were initiated. Thiourea was used first; it 
seemed to be the safest of the active compounds known at that 
time. In our experiments on rats it was particularly non-toxic— 
rats could not be killed by any dose which was mechanically 
feasible to introduce into the animals. It was perhaps fortunate 
that it was not then known that in certain colonies thiourea is 
highly toxic to adult rats. The Mackenzies (44) and Richter 
(45) subsequently found that in their animals a few milligrams 
was lethal within a few hours, death being accompanied by pul¬ 
monary edema and pleural effusion. This is a most interesting 
phenomenon in itself for the low toxicity of thiourea has been 
attested by thorough studies on rats, mice, guinea pigs, rabbits 
and dogs (46, 47). Still more puzzling is the recent report of 
Greisbach, Kennedy and Purves (48) that rats are rendered 
unsusceptible to this high sentitivity to thiourea by pretreatment 
with potassium iodide. In any case all this came later and it 
was with not too great misgivings that a few grams daily of 
thiourea were given to the first human subjects. 

The first tests were completely negative and it was only much 
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later that it was found out why—^treatment was not continued 
for long enough. The first cases had had iodine and it was not 
then realized that in such instances the response is slow. 

Finally in July 1942 a previously untreated case of Graves’ 
disease was treated with 1 and later 2 gm. of thiourea daily. By 
the end of two weeks the B.M.R. had fallen to normal and nearly 
all symptoms had abated. Though definitely effective thiourea 
had a short life as an experimental compound for shortly there¬ 
after thiouracil had proven its much greater effectiveness and in 
September replaced thiourea in the clinical work (49). It is 
now less than two years since the first report on the effectiveness 
of thiourea and thiouracil, but in this brief interval reports on 
more than 700 cases treated with thiouracil have appeared in the 
medical literature; only about 70 cases treated with thiourea 
have been recorded. 

The response of individuals with thyrotoxicosis to drugs like 
thiouracil can most readily be discussed from the three aspects 
of the disease which make up the clinical picture, i.e., the hyper¬ 
thyroidism, the ocular phenomena and the goiter. 

The hyperthyroidism. The excessive quantities of thyroid hor¬ 
mone secreted into the blood stream come from overactive thyroid 
tissue which contains very little hormone within itself. In 
Graves’ disease this tissue makes up the major portion or all of 
the thyroid gland, while in toxic adenomatous goiter there is 
always a certain variable amount of uninvolved thyroid tissue 
which presumably is not depleted of hormone. Associated with 
this difference and perhaps because of it, the responses of the 
two clinical types of hyperthyroidism to antithyroid therapy 
may differ. When hormone synthesis is inhibited the thyroid 
gland of typical Graves’ disease is quickly depleted of hormone 
and the hyperthyroidism is rapidly relieved. The rate of re¬ 
sponse in toxic adenomatous goiter is more variable; a longer 
delay in response denotes a larger store of mobilizable thyroid 
hormone. The greatest delay of all is observed in patients with 
Graves’ disease who have been treated with iodine for long 
periods of time and who have failed to be controlled by this form 
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of treatment. In them the thyroid gland is overfilled with hor¬ 
mone and presumably all of it must first be utilized before a 
metabolic response to antithyroid therapy becomes manifest. 
When treatment is given to an individual with a normal thyroid 

Fig. 10. Effect of thiouracil upon the basal metabolic rate of: a patient 

with Graves' disease who had been treated for the previous 18 months 

with iodine—^this is the slowest response to thiouracil encountered so far 

(solid line); a patient with a large nodular goiter who received full doses 

of iodine prior to and during the period of thiouracil treatment to which 

there was no response in 59 days (open circles); a patient with advanced 

congestive heart failure with no symptoms or signs of thyroid disease who 

showed no effect from thiouracil within 77 days (dashed line). The in¬ 

dividual dots describe the average rate of response of previously untreated 

cases of Graves' disease to thiouracil (60). 

gland the latent period is even longer for although the store may 
not be so large, it is utilized at a slower rate. In Figure 10 one 
of the slowest responses thus far observed, that of a previously 
^‘iodine refractory^’ case of Graves’ disease, is compared with 
the average rate of response of previously untreated cases of 
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Graves’ disease. Also shown is a case of advanced congestive 
heart failure without evidence of thyroid disease which showed 
no metabolic response to thiouracil in two months and a case of 
adenomatous goiter. This last case had had full doses of iodine 
for many months previously and continued to receive full doses 
during the period of thiouracil treatment. Cases such as this 
one suggest that continued iodine therapy may reduce the effec¬ 
tiveness of thiouracil, an hypothesis in keeping with the findings 
in animals which have already been mentioned. 

Aside from differences in rate the response of patients with 
hyperthyroidism is quite uniform. All of the manifestations 
associated with excessive amounts of thyroid hormone disappear. 
Sloan and Shorr (50) have demonstrated that all of the metabolic 
and biochemical abnormalities commonly associated with the dis¬ 
ease are also corrected in parallel with the restoration of normal 
metabolic levels. Measurements of the circulating protein-bound 
iodine (51) indicate that the level of thyroid hormone in the 
blood falls a little more quickly than the basal metabolic rate, 
as one might have expected. 

Once initiated, the metabolic response continues in a regular 
fashion and if the usual therapeutic dosage is continued too long 
a state of early myxedema will eventually be reached and it is 
common practice to permit a near approach to myxedema before 
the dosage is reduced. Certainly the early manifestations of 
hypothyroidism are the most convincing signs that the drug is 
being given in an effective dose and this state has served as an 
end point in the evaluation of the potency of new agents. While a 
short period of hypometabolism may be advisable in some patients 
such as those with heart failure, marked emaciation or extensive 
muscular wasting, it is probably best avoided in most cases if 
possible. Early myxedema has been so frequently observed by 
those who have used these drugs extensively that it has become 
readily recognizable in the facial expression. On further investi¬ 
gations one can confirm his impression in the slowed cerebration 
and speech, the dry and puffy skin and the lowered heat produc¬ 
tion and so forth but most characteristic of all is the rapid en- 
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largem^nt of the thyroid gland. Shorr (52) has found that the 
rising concentration of the serum cholesterol is a useful index 
of the approach of subnormal metabolic levels. 

The ocular phenomena. Judging from simple clinical observa¬ 
tion the common ocular changes of exophthalmic goiter seem to 
improve along with weight gain and increased muscular strength. 
Lessening of the lid retraction and a decrease in the width of the 
palpebral fissure makes it appear that the degree of exophthalmos 
is lessened. Careful measurements of the actual proptosis have 
not yet been published but Dobyns (53) has shown that as hyper¬ 
thyroidism is controlled, whether by thiouracil, iodine or thy- 
roidetcomy there is initially a measurable increase in the forward 
displacement of the eyes. Likewise, thyroid therapy in myxe¬ 
dema causes a slight but detectable recession of the eyeball. One 
might cite this as evidence that the thyrotropic hormone is con¬ 
cerned in the etiology of exophthalmos, but at the same time it 
is to be recalled that the retrobulbar contents take part in some 
of the same changes as other tissues. Perhaps muscle mass and 
fat are restored here as elsewhere when Graves^ disease is con¬ 
trolled and perhaps fluid accumulates here in myxedema as it does 
in other parts of the body. The eyes are pressed forward as 
obesity advances and they sink deeply into their sockets in ad¬ 
vanced starvation. As far as clinical observations go there seems 
to be no specific or consistent effect of thiouracil on the exoph¬ 
thalmos of Graves^ disease beyond the fact that the appearance 
of the eyes improves progressively when the metabolic abnormali¬ 
ties of the disease are controlled. 

This is not the time to discuss progressive or malignant exoph¬ 
thalmos. Mulvany (54) has presented a forceful argument that 
this is a different disease and, as far as we know, thiouracil has 
not been shown to be associated with its cause or cure. 

The goiter. Most observers agree that little change occurs in 
the size of the thyroid gland during the initial period of anti¬ 
thyroid treatment. Sometimes the gland may seem to be a little 
larger at first and later to decrease in size but more often it 
becomes progressively less prominent. Clinical observations are 



CHEMOTHERAPY OP HYPERTHYROIDISM 223 

made diflScult by changes in consistency—a hard gland seems 
larger than a soft one, but in many hundred published cases 
there has been no record of a substantial increase in the size of 
the gland during the first month or so of treatment. On the other 
hand Rawson et al, (55) have compared the histological pictures 
before and after a short period of thiouracil treatment prepara¬ 
tory for thyroidectomy and have reported that in 2 of 5 cases 
the size of the acinar cells increased significantly during treat¬ 
ment. It is a common observation of surgical clinics that, follow¬ 
ing thiouracil, thyroidectomy is more difiBcult than following the 
usual iodine therapy because of the greater vascularity and soft¬ 
ness of the gland in the former case (56, 57, 58, 59). It is quite 
likely than in 20 years surgeons have forgotten what a non- 
iodinized thyroid gland looks like and we have no way of knowing 
whether thiouracil treatment actually causes any increased vascu¬ 
larity under these circumstances. The clinical evidence of in¬ 
creased vascularity detected by feeling or listening over the 
thyroid region seems not to be infiuenced at first by thiouracil. 
Graves’ disease is known to be subject to fluctuation and it re¬ 
mains to be proved that thiouracil treatment causes a change in 
the thyroid gland during the interval when the metabolic rate is 
falling to normal. A very different situation obtains when the 
metabolic rate is depressed below normal; a rapid and sometimes 
a very striking enlargement of the thyroid gland occurs under 
such circumstances, and in a few cases evidence of increased 
vascularity appears. This enlargement is a common observation 
when an antithyroid drug is continued in excessive dosage and 
it has been a consistent finding in the few experiments on indi¬ 
viduals with initially normal thyroid glands. Indeed thyroid 
enlargement has come to be one of the most characteristic signs 
of excessive dosage. It is also interesting that these enlarged, 
hyperemic glands still show the response to iodine which is char¬ 
acteristic of the hyperplastic thyroid of Graves’ disease (60). 
When adjustments are made in the dose so that a normal meta¬ 
bolic rate is maintained, no appreciable enlargement of the 
thyroid gland is observed, and after several months the gland 
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may actually become appreciably smaller. Finally when the 
stage of remission is reached regression of the goiter is common. 

We are therefore faced with the anomaly that very little thy¬ 
roid enlargement results when the elevated metabolism of the 
thyrotoxic patient is brought to normal and maintained there for 
long periods of time while very marked enlargement ensues if 
early myxedema is induced with an antithyroid compound in 
either the thyrotoxic or normal individual. This implies that 
inhibition of the overactivity of the gland is no stimulus to thyro¬ 
tropin production while depression of thyroid function below the 
normal does provide such a stimulus. Can we reason then that 
an excessive thyrotropic stimulus is not causally related to 
Graves’ disease? Perhaps we can. We have the further observa¬ 
tion that in certain individuals a thyrotoxic state antedated spe¬ 
cific therapy by a year or more and yet thyroid enlargement was 
minimal. In some of these a rapid enlargement occurred when 
the metabolism was depressed too low by therapy. If rapid en¬ 
largement is the expected consequence of an overproduction of 
thyrotropin then Graves’ disease must have some other basis. 

This same line of reasoning can be applied, though with less 
conviction, to the problem of the etiology of exophthalmos. Were 
it true, as it is widely held, that the thyrotropic hormone is con¬ 
cerned with the etiology of this condition one would expect exoph¬ 
thalmos to be a frequent complication of simple non-toxic goiter 
rather than a concomitant of hyperthyroidism. It is recognized 
that exophthalmos is very rarely associated with myxedema (61) 
and is almost unknown as a sequel to total thyroidectomy in indi¬ 
viduals with normal thyroid function, conditions which would be 
expected to be associated with maximal thyrotropin production. 

REMISSIONS IN GRAVES’ DISEASE 

Some of the earlier patients having taken thiouracil daily for 
many months became tired of their pills and decided that they 
didn’t need medicines any longer. Surprisingly enough they 
remained well—one of them for two years now. This accident 
suggested that the drug might well be withdrawn from other 
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patients and it was arbitrarily decided that 6 to 9 months might 
be a sufBciently long period of treatment. In Figure 11 are listed 
all of the patients to date who have been given extended periods 
of adequate therapy and it is somewhat surprising that this arbi¬ 
trary management has been so consistently successful. At the 
top of the figure are 6 cases who relapsed after a first course of 

Fig. 11. Summary of all cases treated continuously with thiouracil or 

thiobarbital for several months. The lines show the periods of treatment, the 

intervals between the end of the lines and the edge of the chart are the 

periods during which the patients have remained well without treatment. 

The first 6 cases are ones which required a second course of therapy before 

a sustained remission occurred, the next 19 are patients who have now been 

well without treatment for 2 to 12 months after a single course, and the 

last 6 are individuals who still require medication. 

treatment only to undergo a prolonged remission after a second 
course. Then are listed 19 cases who have apparently experi¬ 
enced a remission after a single course and who have now re¬ 
mained well for periods of time varying from 2 to 13 months. 
The last 6 cases are still failures as far as lasting effects are con¬ 
cerned and of these 3 seem to be really refractory—^the other 3 
have not yet had a fair chance. 
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It would be most helpful if there were some way of knowing 
when treatment can safely be discontinued. The best that can be 
done at present is to maintain a state of normal health for an 
arbitrary period of time and then to reduce the dose to a level 
which is below the usually effective level, e.g., 100 mg. of thiou- 
racil once daily. If after 6 to 8 weeks there is no evidence of a 
relapse the treatment can usually be discontinued. The period 
of time that the patient is well may be more important than the 
total duration of treatment. An illustration of this is given in 
Figure 12 which shows the course of treatment in an iodine pre- 

Fig. 12. A slow response to tMouracil in a 54-year-old man with severe 

Graves' disease who had received iodine for eight months previously. When 

thiouracil was discontinued after 7 months of treatment the metabolic rate 

rose and there was some weight loss. After 5 months of further treat¬ 

ment a sustained remission occurred. 

treated case. Although the first course of treatment extended 
over 7 months, the patient was well for only 4 of these because 
of the slow response. When thiouracil was discontinued hyper¬ 
thyroidism promptly returned but a second 5 months’ course of 
treatment was followed by a remission. 

The course of the patient shown in Figure 13 shows that spon¬ 
taneous remissions do occur in this disease. This 35-year-old 
Italian woman entered the hospital with a typical history of 
Graves’ disease and was found to have most of the classical signs 
associated with that disorder. Iodine was given in preparation 
for thyroidectomy and as shown in the chart there was no re¬ 
sponse to it. The patient finally volunteered the information 
that her disease was caused by her husband’s attachment to his 
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mother; whenever the patient had a disagreement with him he 
would leave her and return home to his mother. Bach time this 
happened the patient would suffer the same symptoms for which 
she had entered the hospital. During her hospital stay reconcilia¬ 
tion was effected, and the patient announced that she would now 
recover and refused to have an operation performed. Thiouracil 
was to be given but through a misunderstanding the patient 
returned home with no medication. Subsequent events bore out 

Fig. 13. Changes in the basal metabolic rate and body weight of a 

patient with Graves' disease. There was no apparent effect from 3 weeks 

of bed rest and 12 days of treatment with full doses of iodine. A spon¬ 

taneous remission followed an adjustment of domestic difficulties. See text. 

the patient ^s prediction—she recovered completely and the 
thyroid gland decreased in size in a striking manner. Aside from 
one brief recurrence of the family diflSculty which was reflected 
in a mild recurrence of symptoms and signs of Graves’ disease, 
an elevation of the basal metabolic rate, and a loss of weight the 
patient has remained weU. 

This is not to imply that all of the cases treated with an anti¬ 
thyroid drug would have recovered without it. However it does 
indicate that some of them may have improved without specific 
therapy and that sustained remissions can occur spontaneously. 

The results of continued thiouracil therapy have not yet been 
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recorded from many climes. Rose and McConnell (62) have 
observed 8 cases of lasting remission out of a series of 37 which 
were treated for short periods of time with thiouraicil, and Wil¬ 
liams has had a similar experience (63). 

In a year or two these cases will be most instructive and 
already an analysis of them indicates that this form of therapy 
is going to compete with the established custom of thyroid abla¬ 
tion. In favor of chemotherapy rather than surgery are the 
facts that the metabolic rate can be maintained at any desired 
level, that no really refractory cases seem to occur, that the drug 
continues to be effective no matter how long it is given and no 
matter how often it must be readministered. The high incidence 
of lasting remissions compares favorably with the incidence of 
remission after surgery. Thompson's careful analyses of the 
results of thyroidectomy as performed in two large thyroid 
clinics showed that 19.5% and 17.5% of cases suffered relapse 
or persistence of the disease after operation (64, 65). Heretofore 
the majority of these uncured cases have had to be treated by 
nonspecific medical means for many years, while some have had 
to undergo repeated operations. 

The only explanation for the lasting effects of a course of 
thiouracil therapy would seem to lie in the inherent tendency of 
the ill person to recover. The antithyroid treatment cannot be 
supposed to do more than to sustain life, an essential factor, and 
to provide a period of good health, a contributing factor, to spon¬ 
taneous recovery. 

TOXIC EFFECTS 

Although not the most common side effect, agranulocytosis is 
the most serious complication of the use of thiouracil in human 
beings. It seems to be most commonly seen after a month of 
treatment and to become less frequent as the period of treatment 
is prolonged. It has not been reported to occur later than 4 
months from the start of treatment. It is to be distinguished 
from a benign leukopenia which commonly is seen earlier in the 
course of treatment when, without symptoms of any kind, the 
leukocyte count falls slowly over a period of several days only 



CHEMOTHERAPY OP HYPERTHYROIDISM 229 

to rise again to normal whether the drug is withdrawn or not. 
As the total leukocyte count can fall to as low as 2,000 with 12 to 
15% of granulocytes in this benign condition it is understandable 
that the two conditions have been confused. In agranulocytosis 
the circulating granulocytes disappear rapidly and practically 
completely and there is usually a severe constitutional reaction 
and high fever. This event is usually preceded by symptoms 
such as those of fever or pharyngitis and a diagnosis of grippe 
is suggested. Sometimes a minor surgical operation, an infection 
or the administration of some other drug has preceded the 
agranulocytosis and may have been contributory to it. These two 
forms of granulocytopenia represent two typical responses and 
there are doubtless variants which fall somewhere between. 

The common reaction—drug fever, sometimes associated with 
a skin rash is not a serious condition but usually it is impossible 
to readminster thiouracil and another drug must be substituted. 
A variety of other side effects have been described in the medical 
literature but it is most dijfi&cult to decide which are caused by 
the drug. These have included jaundice, edema with elevation 
of the serum chloride concentration, transient swelling of the 
submaxillary glands, lymphadenopathy and gastrointestinal dis¬ 
turbances. It would be easier to form an opinion on these com¬ 
plications if their relationship to thiouracil had been established 
by readministration of the drug. 

Those who favor the use of thiouracil as a preoperative mea¬ 
sure claim that it is superior to the usual iodine therapy because 
the hyperthyroidism can be completely controlled before the 
operation is undertaken. The reason for subjecting the patient 
to surgery after the disease has been completely controlled is not 
quite so clear; the reason most often cited is the danger of toxic 
reactions. As the period of treatment required to obtain an 
optimal state of health before surgery is a month at least and 
may be several months in cases which have received iodine, these 
patients have already been exposed to the hazards of toxic drug 
reactions, and they are operated upon after the most dangerous 
period is past. They are then subjected to all of the dangers 
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of surgery. While some of the best surgical clinics report a mor¬ 
tality rate from thyroidectomy in Graves^ disease of about 1% 
the rate for the country as a whole is probably much higher and 
has been as high as 13% even in large institutions (66). The 
little that is known of the over-all risk of antithyroid therapy 
compares very favorably with the best of surgical results.^ 

CLINICAL USE OF NEWER COMPOUNDS 

The side effects encountered with thiouracil have prompted a 
study of the action of other compounds in man; while these 
studies are still far from complete a brief review of the findings 
to date might be of interest. 

Thiohariital. This substance is so closely related to the 
familiar barbital or veronal which has been used so widely in 
clinical medicine that it seemed an appropriate compound for 
clinical trial. At first it was given in a total daily dose of 0.2 
to 0.4 gm. Several patients were made drowsy by the larger 
amount. A few cases were given an initial dose of 0.5 to 1.0 gm. 
during the first day and then a smaller dose thereafter. These 
dosages were uniformly effective (Fig. 14) in the control of the 
disease but were attended by a high incidence (7 of 34 cases) of a 
peculiar form of febrile reaction. The fever usually appeared 
during the second week of treatment, was accompanied by malaise 
and pains in the muscles or joints, and lasted for 4 to 7 days 
even when the drug was immediately withdrawn. When the 
drug was resumed after defervescence the fever did not return 
and in two instances the fever abated while the drug was being 
continued. In addition to these 7 cases several patients com¬ 
plained of vague symptoms during the first three weeks of treat- 

8 An incomplete review of the medical literature in March 1945 disclosed 

731 cases treated with thiouracil. Eleven of these are reported to have 

developed agranulocytosis (1.5%) and three to have died (0.4%). Many 

of the reports are quite incomplete and in several instances the toxic reac> 

tion alone was reported without any statement of the total number of cases 

treated. Only 59 records of patients treated with thiourea could be found 

and among these there was one instance of agranulocytosis and one of 

leukopenia with thrombocytopenia. 
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ment and while there was no fever these symptoms may also have 
been due to a similar but milder reaction. Two fatal complica¬ 
tions were encountered in this small series of patients, one of 
acute hepatic failure and one of agranulocytosis. In both cases 
the clinical course was complicated by many other factors, and it 
cannot be determined whether the drug was wholly or partially 
responsible. 

1499 1944 

Fig. 14. Besponse of the basal metabolic rate, pulse rate and body 

weight to thiouracil (0.6 gm. daily) and, after an interval of 8 months 

of inadequate and intermittent thiouracil therapy, the response to thio- 

barbital in a dose of 0.2 gm. daily. The patient, a man 60 years old, was 

an instance of moderately severe Graves’ disease. 

Later on, when the earlier cases had been under treatment 
for several months, it became apparent that excessively high doses 
were being used; several cases on maintenance doses of only 100 
mg. once daily developed early myxedema. Quite recently Several 
cases have been treated from the start with 100 mg. daily in either 
one or two doses and all have responded well. Apparently then 
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thiobarbital is not only more active than thiouracil but the ef¬ 
fectiveness of a single dose is more prolonged (67). 

It remains to be seen whether the high incidence of toxic reac¬ 
tions encountered in the earlier cases was due to an excessive dose 
and a cumulative effect. If the smaller dose is consistently effec¬ 
tive this compound should be of clinical use. 

6-ethylthiouraciL To date only 12 cases have been treated with 
this compound and as the dosage used has not always been ef¬ 
fective but has varied from 20 to 100 mg. daily little significance 
can be attached to the fact that no side effects have been observed. 
The minimal dose which is consistently effective has not yet been 
determined but it is already apparent that this compound and 
certain other 6 substituted thiouracils are highly active in 
man (68). 

CONCLUSION 

The foregoing considerations should not leave the impression 
that the endocrine function of the thyroid gland is now a well- 
understood process. The little that has been learned about this 
gland merely reveals new mysteries and we are left with as many 
questions as before. The fundamental basis of hyperthyroidism 
is quite obscure; there is evidence to suggest that either the 
higher centers of the brain, or the anterior lobe of the hypophysis 
or even the thyroid gland itself could be the site of the primary 
disturbance. Then, too, there are two forms of the disease; the 
etiology of toxic adenomatous goiter is probably not the same 
as the cause of Graves’ disease. It would be of great interest to 
know something about the mechanism whereby large doses of 
iodine bring about a regression of the hyperplastic thyroid gland 
of Graves’ disease and a relief of thyrotoxicosis. Is this phe¬ 
nomenon related to that property of thyroid tissue which permits 
it to accumulate iodine so selectively and then by a second 
mechanism to convert it into a suitable form for its incorporation 
into the active hormone 1 Or does iodine have a further property 
of acting upon some unknown pathological process which is etio- 
logically related to Graves’ disease! 
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It is not too hard to imagine that the mode of action of anti¬ 
thyroid compounds will soon be elucidated. This implies that 
further information on the normal process of thyroxin synthesis 
and on the metabolism of iodine will also be obtained. Other 
questions seem now to be more difficult to answer; the cause of 
exophthalmos, its relation to Graves’ disease, and its occurrence 
in two apparently distinct forms are problems which seem as far 
from a solution as ever. 

Prom purely practical considerations it would seem important 
to learn more about naturally occurring goitrogens and thus to 
find ways of preventing and treating endemic goiter. The pro¬ 
vision of small amounts of iodine to the general population has 
decreased greatly the incidence of goiter but has not, by far, 
eradicated the disease. Prevention of goiter would decrease the 
incidence of the more serious diseases of the thyroid gland. 
When means are found to prevent the occurrence of toxic reac¬ 
tions from antithyroid drugs or when a compound is discovered 
which does not give rise to side effects then it will be possible to 
treat all cases of hyperthyroidism by medical means. The pre¬ 
vention of simple goiter should largely obviate surgical measures 
directed to the removal of deforming or dangerous thyroid en¬ 
largements and so it may not be long before the common practice 
of partial thyroid ablation will pass into history. 
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RESPIRATORY CONDITIONS IN THE 
FETUS AND EFFECTS OF THEIR 

IMPAIRMENT* 
WILLIAM r. WINDLB 

Professor of Neurology and Director of the Institute of Neurology, 
Northwestern University Medical School 

I SHALL propose this Probleme to the Learned; namely, How 

the Embryo doth subsist after the seventh moneth in his 

Mothers wombt when yet in case he were home, he would 

instantly breath: nay he could not continue one small hour with¬ 

out it ? and yet remaining in the womb, though he pass the ninth 

moneth, he lives and is safe without the help of Respiration.” 

So wrote William Harvey (1) almost three centuries ago. The 

mysteries of intrauterine respiration and the conditions that 

make possible the change from this to pulmonary breathing at 

birth have intrigued biologists ever since. Though much progress 

has been slowly made since Harvey’s day, not all the facts are in, 

not all discoveries known. 

What are the mechanisms by which the fetus obtains oxygen, 

what measures of safety are provided against the possibility of 

asphyxiation in utero, and what are the effects of their failure t 
The placenta is the respiratory organ of the fetus. One can 

picture its circulation rather simply. A stream of well-oxygen¬ 

ated maternal blood enters the placenta and comes into intimate 

contact with the fetal blood stream, poor in oxygen. The two do 

not mix, but the degree of contact differs in various species of 

mammals and in stages of growth of the same species. One might 

expect the two streams to come into equilibrium in respect to 

tensions of their blood gasses, the umbilical vein blood returning 

to the fetus as unsaturated as the venous blood returning to the 

mother. Were this true, blood received by the fetus ^ould be¬ 

come progressively less saturated with oxygen as gestation pro¬ 

ceeds and the full-term fetus would be in imminent danger of 

1 Lecture delivered April 19, 1945. 
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asphyxiation, which is never the case. It is prevented partly by 
an anatomical arrangement of the fetal and maternal capillaries 
within the placenta. Mossman (2), studying the rabbit, found 
that the maternal and fetal blood streams actually flow in opposite 
directions. Consequently the fetal blood has the opportunity to 
become equilibrated with that at the arterial end of the maternal 
capillary bed. Spanner’s (3) investigations reveal a functionally 
similar mechanism in the human placenta. 

A progressive increase in number of hemoglobin-containing 
blood cells keeps pace with growing need for a fetal oxygen trans¬ 
port mechanism (4). The number of red corpuscles in the human 
blood at the end of gestation has been found to average 4.5 million 
per cubic millimeter (5). The amount of hemoglobin is relatively 
great, reaching about 16 grams per 100 cubic centimeters at the 
end of gestation. The fetal red corpuscles are large, the average 
diameter at three months being more than 9 p and, at birth, 
approximately 8 p. The increase in number of corpuscles during 
development more than offsets decrease in corpuscular size, and 
hematocrit value and total amount of hemoglobin rise as gesta¬ 
tion proceeds toward term. 

A fetal type of hemoglobin with enhanced avidity for oxygen 
at the low tensions prevailing in the placenta has been described 
in the goat (6), sheep and some other animals (7). A similar 
avidity has been demonstrated in the whole blood, notably of 
calves near term (8). The shape and position of the fetal oxygen 
dissociation curve of whole blood in relation to that of its mother 
suggests a true chemical difference. 

Hemoglobin of cat and human fetuses differs from that of some 
other species; the fetal and maternal oxygen dissociation curves 
for hemoglobin solutions are similar in shape and position (9). 
Nor is there a real difference in the shape of the curves for whole 
blood (9). And this is in striking contrast to results obtained in 
such animals as the cow (8) or goat (10). It seems clear that we 
are dealing with different conditions in the one group from those 
in the other. The cow and goat are animals with adeciduate 
placentas. A heavy tissue barrier exists between the maternal 
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and fetal blood streams. Perhaps a special type of hemoglobin 
facilitating oxygen transportation across such a barrier has 
evolved. In the cat and man, the contact between the two blood 
streams is a closer one, more readily permitting oxygen transfer. 

The oxygen-carrying capacity of the blood in late fetal life of 
man is approximately 21.5 volumes per cent in contrast to 15.5 
volumes per cent for the mother’s blood at term (9). The actual 
percentage saturation of fetal blood has been very difficult to 
determine, for technical reasons. The closest approach to it 
appears to have been made by Barcroft, Kennedy and Mason (11) 
who devised a technique for obtaining blood from the umbilical 
vein or artery without delivering the fetus from the uterus of 
the sheep and with a minimum of manipulation. They found the 
blood going to the fetus to be more than 90 per cent saturated 
with oxygen in half the experiments and not less than 70 per cent 
saturated in the others. The highest values were found between 
the 75th and 100th days of gestation (gestation is about 140 
days). During the final week lower values were obtained. Other 
investigators have occasionally encountered high values. In the 
human fetus for example Bidone (12) reported data which indi¬ 
cate a rather high degree of saturation (approximately 84 per 
cent) in one experiment. 

There seems to be little doubt that a progressive decline in the 
saturation of blood reaching the fetus takes place in the latter 
part of gestation. Nevertheless, if we evaluate experimental work 
critically, we are bound to reach the conclusion that blood supply¬ 
ing the fetus is more nearly saturated than was formerly believed. 

A certain amount of dilution of this oxygen-laden blood occurs 
when it reaches the fetus. Consequently the tissues of the fetus 
are supplied by less saturated blood than leaves the placenta. 
Nevertheless, the carotid artery blood of sheep fetuses at caesarean 
section was found to be as much as 88 per cent saturated with 
oxygen prior to the last week of gestation (13). 

There is some evidence, especially in the latter part of gesta¬ 
tion, that the respiratory conditions of the fetus fluctuate. For 
example, the prelabor contractions of the uterus appear to vary 



EESPIRATORY CONDITIONS IN THE FETUS 239 

the degree of saturation of the blood leaving the placenta. Al¬ 
though 95 per cent saturation with oxygen may be attained at 
times, it is doubtful if the average available to the fetus during 
the latter part of fetal life is nearly so great, and certainly it is 
less than it was at an earlier stage of gestation (14), 

Throughout prenatal life the need for oxygen is low as com¬ 
pared with that after birth. Oxygen consumption in the latter 
part of gestation of the sheep fetus has been reported by Barcroft, 
Kennedy and Mason (15) to be 0.0043 cc./g./min. So long as 
normal healthy conditions prevail in the placenta a reservoir of 
oxygen in combination with hemoglobin is constantly present to 
provide for needs of the fetus. One can calculate that this reser¬ 
voir amounts to at least 40 cc. of oxygen in the human fetus at 
term. A factor of safety exists, but is it adequate for meeting 
grave emergencies ? 

Occlusion of the umbilical vessels results in a rapid loss of 
oxygen from the fetal hemoglobin. Even though the fetal heart 
slows, conserving the store of oxygen somewhat, the amount avail¬ 
able in the blood is soon depleted. Nevertheless, the fetal sur¬ 
vival time is prolonged considerably beyond the point at which 
the blood oxygen is used up. There appears to be some other 
mechanism assuring survival of the newborn after major crises 
in the fetal respiratory mechanism during birth. Himwich and 
his colleagues (16) have demonstrated that the survival time for 
young rats during complete anoxia can be reduced from 50 min¬ 
utes to three minutes, which is the adult survival time, by pre¬ 
venting utilization of the blood sugar. 

No discussion of conditions of respiration in the fetus would 
be complete without mentioning the course taken by the blood 
through the fetal heart. The first account of the fetal circula¬ 
tion was given by William Harvey (17), in his treatise of 1628. 
Moreover, his conception of it was surprisingly close to the truth 
as we know it today. Only his conviction that there is no pul¬ 
monary circulation in the fetus was in serious error. Prom Har¬ 
vey’s day until the present, the subject of the fetal circulation has 
provoked lively discussion and controversy. Only recently have 
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physiological experiments at Northwestern (18), and especially 
at the Nuffield Institute for Medical Research at Oxford (19), 
clearly demonstrated the true state of affairs. 

The well-oxygenated blood from the placenta reaches the fetus 
through the umbilical vein and much of it is shunted past the 
liver by the ductus venosus to reach the inferior vena cava where 
it is joined by venous blood returning from the lower parts of the 
fetal body. A small fraction of the inferior caval stream enters 
the right atrium of the heart; but by far the greater portion 
passes directly to the left side. The major branching of the in¬ 
ferior caval stream, the via sinistra of Barclay, Franklin and 
Prichard (19), enters the left atrium through the aperture known 
as the foramen ovale. Prom the left atrium, blood passes to the 
left ventricle; thence by the arch of the aorta it is distributed to 
heart muscle, brain and upper extremities, some passing on into 
the descending aorta. 

Blood returning from the upper parts of the body enters the 
right atrium of the heart by the superior vena cava. No part of 
this blood is shunted into the left atrium. All of it passes to the 
right ventricle, thence by way of the pulmonary trunk to the 
pulmonary arteries and the ductus arteriosus. A large and rapid 
circulation through the lungs exists before birth (19, 20). The 
blood which traverses the ductus arteriosus is carried into the 
descending aorta to be sent to the lower parts of the body and 
returned to the placenta by the umbilical arteries. 

The significance of this special circulation in the fetus is fairly 
clear. Certain important organs, the heart, which is the only one 
working as hard before birth as it will afterward, and the brain, 
which has to do with activating or inhibiting other bodily activi¬ 
ties of the fetus, are kept supplied by reasonably well-oxygenated 
blood. Here, then, is another mechanism assuring that in the 
normal course of gestation there is no danger of asphyxiation. 

The fetus is capable of performing respiratory movements at 
an early age. The diaphragm and other respiratory muscles as 
well as the phrenic nerves are developed long before such move¬ 
ments can be induced. The part of the somatic motor system 
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which is to be concerned with breathing later on, has its genesis 
early in embryonic life. Just when the respiratory center begins 
to form cannot be said. But after the twelfth week of gestation 
in man (21) or the fifth week in the cat (22) appropriate stimu¬ 
lation, by afferent nervous discharge into the fetal respiratory 
center, by carbon dioxide acting upon it directly, or by anoxial 
enhancement of its excitability, results in premature respiratory 
activity. However, it is doubtful if this newly formed respira¬ 
tory mechanism actually functions during the normal course of 
intrauterine existence. The respiratory mechanism of the fetus 
appears to be a dormant system charged with potentialities long 
in advance of the time it can be of any use to the fetus. 

Premature birth finds the new individual well prepared to 
breathe. Time does not permit a discussion of all the arguments 
for and against the occurrence of intrauterine respiratory move¬ 
ments as normal phenomena. On rare occasions rhythmical fetal 
movements are observed through the mother ^s abdomen late in 
gestation (23); but there is no reason to believe that they result 
in aspiration of amniotic fluid and certainly no evidence in favor 
of the claim that intrauterine aspiration serves a useful purpose 
in the developing lung alveoli (24). In the experimental labora¬ 
tory it is very easy to bring about fetal respiratory movements. 
In fact, it is diflBcult to avoid them under the usual laboratory 
conditions of anesthesia and surgical operations. The fetus, 
apneic in utero, responds to the same stimuli which cause accelera¬ 
tion of respiration in the adult. Thus, when the pregnant cat is 
forced to breathe an atmosphere with high carbon dioxide content, 
respiratory movements of the fetuses can readily be observed 
(22). But under normal conditions it seems that the fetal respira¬ 
tory center is insensitive to the level of carbon dioxide prevailing 
in the fetal blood stream. When the cat breathes atmospheres 
with low oxygen content and when the saturation of the blood 
reaching the fetus declines to 40 or 50 per cent, fetal respiratory 
movements can be observed (25). It would seem that such con¬ 

ditions do not normally prevail. 
In experiments with guinea pigs and cats near the end of ges- 
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tation two types of fetal respiratory movements have been seen. 
During mild anoxemia and after disturbance of normal uterine 
tonus, rapid rhythms of shallow movements are encountered. 
These occur with little increase in fetal skeletal muscle tonus, 
which is decidedly low in utero. They are weak movements. 
After prolonged interference with the placental exchange mecha¬ 
nism and during profound anoxia, another pattern of respiratory 
movement appears. The shallow rhythms cease and after con¬ 
siderable squirming and kicking the fetus begins to gasp rhythmi¬ 
cally at a slow rate. The gasps are accompanied by great increase 
in tonus and the fetal chest expands strongly. 

Aspiration of the amniotic contents has been encountered in 
our experimental animals only under asphyxial conditions. We 
have been able to obtain no satisfactory evidence that respiratory 
movements occur normally in utero and certainly no evidence 
that aspiration of amniotic fluid is a normal phenomenon. Some 
experiments in guinea pigs will serve to illustrate how intra¬ 
uterine aspiration can be induced (26). 

During the last week or two of gestation we introduced small 
amounts (0.4 cc. to 1 cc.) of radio-opaque material into the amni¬ 
otic cavity without using an anesthetic. In 27 fetuses so treated, 
a large series X-ray films, exposed after various intervals up to 
14 days, failed to show lung shadows which would signify that 
the fetus had aspirated this material. Twenty-five additional 
experiments were performed. X-rays taken after injection of the 
radio-opaque material likewise showed no aspiration by the 
fetuses. The pregnant guinea pigs were then forced to breathe 
atmospheres low in oxygen or high in carbon dioxide. Fetal 
respiratory movements could be observed in a number of these 
specimens. X-ray films were subsequently exposed and in 14 ani¬ 
mals showing shallow, questionable or no respiratory movement 
only two films revealed the radio-opaque material in the fetal 
respiratory tract. In the remaining 12 experiments, all showing 
strong respiratory movements, seven positive results were ob¬ 
tained. In addition three other fetuses dying in utero at or about 
the time of labor or otherwise asphyxiated at birth showed lungs 
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well filled with the radio-opaque material in consequence of 
aspiration of the amniotic contents. 

You will note that the lungs of the fetuses which executed rapid 
rhythms of movements, but did not die of asphyxia, were incom¬ 
pletely filled with the radio-opaque material; only the major 
branches of the respiratory tract contained it. However, those 
fetuses which died asphyxial deaths showed this substance 
throughout the entire lung; it was in the alveoli as well as the 
bronchioles. Intrauterine respiratory movements of fetal guinea 
pigs do not result in expansion and filling of the lungs with amni¬ 
otic fluid unless the movements are in the nature of deep gasps. 

We have studied the structure of the fetal lung with this point 
in mind (27). When fetuses were delivered in such a way that 
respiratory efforts were prevented, histological study of their 
lungs revealed a true fetal atelectasis. The lung presented a com¬ 
pact appearance; bronchi and bronchioles had definite lumens 
but the more distal passages did not. 

In other experiments the fetuses were delivered only after they 
had been observed to gasp during asphyxia. Lungs of these speci¬ 
mens resembled those of human still-born fetuses. The alveoli 
had been opened by the aspiration of amniotic fluid. 

Other guinea pigs were allowed to be born normally and to 
breathe air for various periods of time. The lungs of these ani¬ 
mals were only partially expanded after five minutes of air 
breathing. The unexpanded parts were compact, resembling the 
truly atelectatic fetal lung. 

Seldom is the opportunity provided to observe a state of initial 
atelectasis in man. Parber and Wilson (28) pointed out that 
still-born lungs show regions here and there where unexpanded 
alveoli are visible. Zettelman (29) has studied the lungs of three 
anencephalic still-born infants and found a state of initial atelec¬ 
tasis. He suggested that a respiratory center either did not exist 
or was too poorly organized to function at the time they died in 
utero after eight months or more of gestation. 

These experiments demonstrate that the fetal lung is essentially 
a gland-like organ. In the atelectatic state the alveoli are lined 
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with cuboidal epithelium. Moreover, the lung appears to func¬ 
tion like a gland in fetal life. It would seem that there is an out¬ 
flow of transudate fluid from the alveoli through the respiratory 
tree to the amniotic sac, and which normally sweeps the fetal 
respiratory passages. Potter and Bohlender (30) and Caldwell 
(31) have studied isolated lobes of fetal lungs which failed de- 
velopmentally to connect with the exterior by means of the bron¬ 
chial tree. Caldwell’s specimen was particularly striking. It 
consisted of a mass of alveoli and respiratory bronchioles. The 
remarkable thing about these specimens is that the alveoli were 
widely dilated, fluid-filled spaces, for there was no way for the 
transudate fluid to escape. 

Much has been written concerning the conditions under which 
the infant fails to begin to breathe at birth. Literature is exten¬ 
sive on asphyxia neonatorum, methods of resuscitation, “birth 
injuries” and relation of these conditions to obstetrical anes¬ 
thesia ; but little experimental work has been done. One need not 
look far to be aware that asphyxia in late fetal life and at birth 
is the cause of death in an alarming number of instances. Not 
only do thousands of infants die each year at birth because of 
asphyxiation; many others are deeply asphyxiated and heavily 
narcotized, though they survive. There are indications that some 
suffer permanent damage to the central nervous system as the 
result of asphyxia. Some congenital spastics are in the class. 
Other infants may receive less severe injury of the nervous sys¬ 
tem, and they constitute an even more exciting problem. Do such 
infants, suffering asphyxia at birth but escaping clearly defined 
symptoms of brain damage, become children and adults with 
neural mechanisms fully equal to those of individuals bom nor¬ 
mally t Or are some of them to become children of poor learning 
ability—dullards if not actually mental defectives t 

The fetus and newborn are more resistant to deficiencies in 
their oxygen supply than the adult, but they are occasionally sub¬ 
jected to very severe anoxial conditions at the time of labor or 
during birth and it should be of great interest to know to what 
extent the newborn nervous system may be damaged. The im- 
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probability of obtaining controlled observations in the human 
species led us to substitute experiments in animals; for this pur¬ 
pose we chose to use the guinea pig (32, 33). 

We avoided using a general anesthetic. After local infiltration 
of the abdomen with procaine solution, one full-term fetus of each 
litter was delivered promptly to serve as a control. Then the 
vessels of the uterus were clamped to induce asphyxiation in the 
remaining fetuses. The duration of asphyxiation varied from 
four and one-half to 21 minutes. Resuscitation was effected in 
from a few minutes to an hour and one-half by rhythmical 
inflation of the newborn lungs with oxygen from a little rubber 
bag to which a hypodermic needle was attached. This needle was 
inserted into the trachea. The experiments are illustrated in a 
motion picture which may be summarized briefly. 

Marked changes were produced in the central nervous system 
of the newborn guinea pig by asphyxiation. A relationship be¬ 
tween duration of asphyxia and severity of brain damage could 
be observed but was not as precise as expected. All animals de¬ 
prived of a source of oxygen for eight minutes or more showed 
definite to marked pathology. Those from experiments in which 
the vessels were occluded only until intrauterine respiratory 
movements became weak, required little or no resuscitation and 
thereafter usually showed only slight or indefinite pathology. It 
is impossible to declare that asphyxia of short duration will cause 
no nervous system changes or that more prolonged asphyxia will 
be certain to leave significant permanent defects. 

Neurological symptoms were present at birth in all of the ani¬ 
mals studied after asphyxiation, regardless of how brief it had 
been. These included decerebrate states, tremors, convulsive 
movements, spasticities, paralyses, ataxias and impairment of sen¬ 
sory functions. The motor defects usually failed to persist 
throughout life and were often only transient. Sensory defects 
were more permanent. Animals exhibiting the most marked and 
persistent neurological symptoms also showed the most severe 
structural changes in the brain. 

A closely graded series of specimens from an hour after 
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asphyxiation to several months afterwards was available for 
histological study. Multiple capillary hemorrhages and occa¬ 
sionally larger hemorrhages were found in all animals between 
three hours and five days after resuscitation, in half the animals 
between 30 minutes and two hours, but in none of those killed by 
the asphyxia. Great variation in the amount of hemorrhage and 
in its distribution was encountered and it was quite evident that 
hemorrhage was not the primary cause of extensive neuron 
damage. 

There was histological evidence of brain swelling in most of the 
specimens examined between eight hours and four days after 
resuscitation. Proliferation of neuroglia was observed. 

Neurocytological changes were seen in all specimens from one 
and one-half hours to 21 days after resuscitation. Clouding of 
Nissl-granule patterns, swelling and loss of stainability with 
thionin took place in a matter of two to five hours; typical 
chromatolysis appeared within one or two days. Complete de¬ 
struction of neurons seemed to be effected as early as four days, 
though many chromatolysed cells undoubtedly recovered. 

Some of the specimens showed generalized changes throughout 
most of the brain. Others were affected to a marked degree in 
rather circumscribed regions only. The cerebellum and corpus 
striatum were not markedly affected. However, the thalamus, 
cerebral cortex, tegmentum and spinal cord were often severely 
damaged. The lateral nuclei of the thalamus and the medial and 
lateral genicular bodies were more frequently involved in destruc¬ 
tive processes after asphyxiation than any other regions in the 
nervous system. 

Generalized or regional atrophy followed loss of neurons in 
two-thirds of the severely asphyxiated and one-half of the mildly 
asphyxiated guinea pigs’ brains. As late as 13 weeks after re¬ 
suscitation, neurons of the experimental animals stained more 
darkly and were more shrunken than those of the litter mate 
controls. Areas of partial necrosis were seen in eight animals. 
Loss of myelinated nerve fibers appeared to be secondary to cell 
loss. 
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It was hoped that before this time a study of the behavioral 
changes after asphyxiation at birth could have been completed. 
This study was interrupted more than a year ago and has only 
recently been resumed. Animals which were asphyxiated at birth 
together with their litter mate controls were tested in a maze to 
determine ability to learn a simple alternation problem. When 
these tests were completed the animals were sacrificed and the 
brains studied histologically. The brains of 38 animals and their 
controls, all of which had been subjected to the alternation prob¬ 
lem test, have been studied. Twenty-five showed definite struc¬ 
tural changes. Of these, 21 were inferior to their controls in the 
maze test. Some could not learn the simple problem at all. 
Others quickly forgot the solution. None was superior to its 
normal control. 

It is possible to see similarities between our experiments in 
guinea pigs and the conditions following asphyxiation in human 
infants, but much work remains to be done before all questions 
are answered. Disturbance of the intrauterine respiratory mecha¬ 
nism in man is basically similar to that produced in the guinea 
pig. It is reasonable to suppose that the same kind of physio¬ 
logical and pathological changes occur in human beings surviving 
asphyxia and resuscitation at birth as have been demonstrated in 
experimental animals. Indeed, similar changes have been ob¬ 
served and reported (34). Like our experimental animals, by no 
means all asphyxiated human infants have permanent manifes¬ 
tations of nervous disease. However, the possibility of inferior 
mentality, diminished learning ability or simply mental dullness 
as sequelae of asphyxia at birth should not be dismissed lightly. 
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ULTRASTRUCTURE AND THE PROBLEM 
OF CELLULAR ORGANIZATION**^ 

FRANCIS 0. SCHMITT 

SINCE the beginning of microscopy biologists have attempted 

to find in the structure of cells and tissues some explanation 

of the mechanism of the complex phenomena manifested by living 

organisms. The degree of success which attended these efforts 

was limited by the state of development of the more fundamental 

sciences of physics and chemistry which furnished the theoretical 

and experimental tools with which to study the problem. 

While most of our knowledge of protoplasmic structure is based 

on observations with the light microscope either on fresh material 

or on fixed and stained preparations, the conviction has been 

growing for almost a century that the structural aspect of proto¬ 

plasmic organization which is of greatest physiological signifi¬ 

cance is that which is weU below the resolution of the microscope. 

This view has, in the past, been based largely on speculation; 

hypothetical giant molecules, for which each succeeding genera¬ 

tion of biologists contrived new names, were considered respon¬ 

sible for particular vital phenomena. 

But there were also fragments of factual information which 

confirmed the importance of a molecular organization in proto¬ 

plasm. Almost a century ago it was discovered that certain 

cellular constituents show double refraction, from which it was 

surmised that these constituents possess some sort of quasi-crys¬ 
talline organization. An important advance came with the ap¬ 

plication of the Wiener theory of form birefringence to bio¬ 

logical studies. This led to the conclusions that cell and tissue 

fibers are composed of rodlets or fibrils having one dimension 

small with respect to the wave length of light, and that these 

submicroseopic fibrils may themselves have a more or less organ- 

1 Lecture delivered May 17,1945. 
3 From the Department of Biology, Massachneetts Institute of Technology, 

Cambridge, Mass. 
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ized, micellar structure. In the case of membranes it was more 
recently shown that the long axes of the submicroscopic units lie 
in planes parallel with the surface of the membrane. 

Meanwhile, ultraviolet microscopy had increased somewhat the 
resolution obtainable and, in the hands of Caspersson, furnished 
important clues about chemical constitution. Observations in 
the dark-field microscope revealed the presence of submicroscopic 
fibrils and particles of various kinds in intact and fragmented 
cells and tissues. 

Through the pioneering work of Herzog, Meyer and others, 
the x-ray diffraction technique was applied to biological prob¬ 
lems. This early work was concerned chiefly with demonstrating 
the presence of oriented polypeptide chains in fibrous tissues. 
Astbury galvanized the interest of biologists by his demonstration 
of the alpha, beta, and supercontracted states and by his classi¬ 
fication of fibers into two general types. The x-ray method can¬ 
not as yet be applied to study microscopic structures within in¬ 
dividual cells but is applicable to tissues like muscle, tendon and 
nerve in which there is a sufficient bulk of oriented material to 
give coherent diffractions. However, the body of knowledge 
obtained from these fibrous tissues and from extracted proteins 
may offer suggestions regarding the case of intracellular pro¬ 
tein structures. 

Stoichiometric considerations of the amino acid residues in 
protein molecules, which led to Bergmann^s theory of the linear 
sequence of residues in polypeptide chains and to Astbury ^s (1) 
attempts to form a unified theory of protein structure, while 
doubtless premature, furnished biologists with much material for 
speculation about the nature of the gene, antibodies and other 
protein structures. 

Most recently has come the electron microscope with which 
^‘submicroscopic” objects can be visualized directly. With this 
technique, it may appear, there is no need for difficult physical 
and mathematical interpretations of the structural implications 
of the data, as is the case with the indirect methods of polarized 
light and x-ray diffraction. Now any specimen which can be 
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gotten thin enough to be penetrable by the electron beam is fair 
game for the new morphologists! But how may this instrument 
be most fruitfully employed in furthering our knowledge of 
the ultrastructural organization of protoplasm? What funda¬ 
mental problems lend themselves to investigation by the electron 
microscope and what results have been obtained thus far? 

In this paper we shall be concerned chiefly with cells and 
tissues, omitting the interesting discoveries that have been made 
with viruses and bacteriophages. It happens that most of the 
pertinent electron microscope work thus far has been on animal 
cells hence we shall confine our attention chiefly to such material. 

SOME TECHNICAL CONSIDERATIONS 

With optically favorable specimens, such as silver particles, 
the limit of resolution, under standard conditions of operation 
of present day electron microscopes, is about 50 A, or somewhat 
smaller (2). Proteins and other cellular material contain chiefly 
elements of low atomic number, hence the contrast is poor and 
the resolving power with such objects is of the order of 50 to 100 
A if the object is suitably thin. 

Since specimens to be examined with the electron microscope 
must be exposed to a high vacuum, cellular material must, in 
general, be treated with histological fixatives or be frozen-dried. 
This introduces all of the indeterminacies and artifact formation 
which plagued the histologists. It represents one of the chief 
hazards of biological electron microscopy. At present no satis¬ 
factory method has been devised to examine material in an 
aqueous environment although attempts have been made to do 
so. The energy absorbed from the electron beam is so high in 
such systems that specimens are thrown into violent thermal 
agitation, preventing satisfactory microscopy. 

Most commercially available instruments employ accelerating 
potentials of 30 to 60 kilovolts. As a result, biological objects 
are opaque to the beam if they are thicker than about 0.1 p (1000 
A). If high resolution is to be obtained the thickness may have 
to be considerably less. Several methods of sectioning fixed and 
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embedded material to this order of thickness have been described. 
All encounter the difficulty of artificial displacement of struc¬ 
tures by the blade and some loss of the smaller constituents 
which may not be well supported throughout such thin sections. 
The technique permits surveying the general structure of fixed 
cells but has serious limitations if the finest details are to be 
observed. 

It is difficult to determine the thickness and surface contour 
of very thin objects, like fibrils or membranes, which have been 
dried flat on the supporting film. A method very recently de¬ 
scribed by Williams and Wyckoff (3) appears promising for this 
purpose. Chromium or other metal is evaporated at an acute 
angle onto the specimen on its supporting film. Accordingly, 
more chromium is deposited on one side of objects on the film 
than on the other and a shadow picture results, from which it is 
possible to estimate the thickness and surface contour of the 
object. This method may succeed where stereoscopic methods 
fail, i.e., with very small objects of low electron-scattering power. 

Another method which has hardly been applied as yet in 
biology is that of surface replicas. Gerould (4) used Heiden- 
reich’s silica method to produce replicas of etched bone and tooth 
surfaces. Electron micrographs of the replicas show great detail 
of structure especially when viewed stereoscopically. It seems 
probable that, with suitable modifications, the replica method 
will be applicable to many biological problems. 

A valuable chemical technique is that of electron staining. 
An electron stain is the equivalent in electron microscopy of a 
dye in light microscopy and may be defined as any substance 
which combines preferentially with the object and which con¬ 
tains atoms of high atomic mass to increase the contrast. The 
application of electron staining techniques to protein fibers will 
be mentioned below. 

OBSERVATIONS ON INTACT CELLS 

Cells grown in tissue culture frequently flatten out consid¬ 
erably against the cover glass so that the peripheral portions of 
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the cell may be very thin. Porter, Claude and Fullam (5) de¬ 
vised methods of depositing such flattened-out cells on specimen 
holders and examining them in the electron microscope. Struc¬ 
tural details were observed in chick embryo cells prepared in 
this manner which have not been observed by other methods. 
This technique offers considerable promise if suitable cellular 
material is chosen and if the complications introduced by fixa¬ 
tives are duly recognized. 

OBSERVATIONS ON ISOLATED PROTOPLASMIC CONSTITUENTS 

A fruitful way of studying cellular components is to isolate 
them from cells or tissues by means of teasing, fragmentation, 
differential centrifugation or chemical extraction. Methods have 
now been described for the isolation of nuclei, chromosomes, 
mitochondria, muscle fibrils, glycogen particles and other cellular 
structures. Pew careful electron microscope studies have yet 
been made on such isolated constituents. Results obtained on 
such partial systems may not be typical of the structures as 
they exist in normal cells. But in some cases it may be possible, 
once the fine structure of a particular constituent has been demon¬ 
strated in isolated preparations, to show that the same structure 
exists in the intact cells or tissues. This was accomplished in 
the case of certain muscle fibrils by small angle x-ray study of 
intact muscles (6). 

Claude and Fullam (7) have examined mitochondria isolated 
from a lymphosarcoma of the rat. The mitochondria are opaque 
to the electrons as prepared but, after chemical extraction, in¬ 
ternal structures can be made out. It was found in this labora¬ 
tory (unpublished) that the mitochondria in the tails of rabbit 
and pigeon sperm lend themselves to electron microscope exami¬ 
nation. The sickle-shaped mitochondria readily separate from 
their normal packing about the longitudinal fibrils of the sperm 
tails and are thin enough to show internal structure. 

THE FIBROUS PROTEINS 

The voluminous cytological literature attests the structural 
significance of fibers in protoplasmic organization. Not only are 
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many types of fibrous constituents to be observed in living cells 
and tissues in the light microscope but there is much evidence, 
physical, chemical and optical, that the characteristic physical 
properties of the hyaloplasmic ground substance are due to the 
presence of submicroscopic rodlets or fibrils. Evidence, mostly 
indirect in nature, has been adduced for the existence of a system 
of intracellular fibrils which has come to be known as the cyto- 
skeleton. Polarized light studies of egg cells during and after 
centrifugation suggest the existence in these cells of a fibrous 
organization which can be displaced centrifugally (8, 9). Po¬ 
larized light and electron microscope studies demonstrate that the 
axon of the fresh nerve fiber, though appearing structureless in 
the light microscope, contains submicroscopic fibrils oriented 
parallel with the fiber axis. 

Even membranous structures, like the plasma membrane, may 
be found to be fibrous. Wolpers’ (10) electron microscope 
studies of the limiting envelope of the erythrocyte suggest that 
this thin structure may be composed of a felt-work of extremely 
thin but quite long protein fibrils. 

In view of the important structural role played by fibers, par¬ 
ticularly protein and conjugated protein fibers, it is desirable 
that every effort be made to obtain as much information as pos¬ 
sible about their ultrastructure. We shall consider below several 
fiber types about which some information is at hand. It will be 
obvious that only a small fraction of the biologically interesting 
fibers have thus far been studied. Particularly conspicuous is 
the lack of data on chromosomes and other nucleoprotein fibers. 
Caspersson’s (11) work has contributed important clues about 
the location of protein and nucleic acid components in chromo¬ 
somes and some x-ray work has been done on extracted nucleo¬ 
protein fibers. But as yet detailed electron microscope investi¬ 
gations are lacking. 

It is beyond the scope of this paper to discuss the theory of 
protein fiber structure at the atomic level. The results obtained 
from wide-angle x-ray diffraction studies have been summarized 
in various places recently (1,12). Rather, we shall be concerned 
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with the somewhat larger structural aspects which are revealed 
by electron microscope and small-angle x-ray diffraction studies, 
dealing chiefly with those which have been carried out in this 
laboratory by my colleagues, R. S. Bear, C. E. Hall and M. A. 
eJakus. 

General Characteristics of Protein Fibrils 

In the electron microscoi^e ])rotein fibers are observed to be 
composed of an aggregation of V(‘ry thin, long fibrils (18). They 
have widths usually in the range from about 100 to 1000 A and 
lengths ranging from a few to many microns, possibly even milli¬ 
meters. Accordingly, the asymmetry ratio may be enormous, 
of the order of hundreds and possibly thousands. 

In some cases, like collagen, the fibrils may be observed to fray 
longitudinally, indicating that they consist of a parallel packing 
of still thinner longitudinal components. In other cases no such 
fraying is observed and it is possible that these represent the 
‘^molecules’^ or macromolecular units studied in ultracentrifuge, 
diffusion, viscosity, osmotic pressure and streaming double re¬ 
fraction exi)eriments. In this respect they would be intracellular 
analogs, from the structural standpoint, of the fibrous plant 

virus proteins. 
Because of their thinness it is difficult to determine their shape 

in cross-section with any degree of accuracy. In some cases, such 
as certain clam muscle fibrils, they appear to be flat ribbons, 
having essentially a two-dimensional grid-like structure. 

A characteristic which may prove typical of many protein 
fibers is the presence of a periodic repeating pattern in the axial 
direction which may have dimensions of the order of some hun¬ 
dreds of Angstrom units. No such large periods have been found 
in carbohydrate fibers or silk, in which the number of different 
constituent chemical building stones is relatively small. Bear 
(6) points out that proteins like keratin, collagen, and muscle 
contain many different amino acids in the molecule and this 
I)roperty may be associated with the formation of large axial 

repeating periods. 
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Muscle Protein 

Electron microscope examination of purified myosin, obtained 
from mammalian muscles, reveals the presence of fibrils about 
100 A in width and several microns long (14). The relationship 
of these fibrils to the characteristic eytologieal appearance of 
striated muscle lias not yet been satisfactorily demonstrated. 
Published electron micrographs of thin microtome sections of 
muscle (15, 16) are not satisfactory for the purpose. Nor have 
detailed data been published as yet on the structure of striated 
muscle as studied by the small-angle x-ray technique. 

A particularly interesting type of muscle fiber is that found 
in the adductor muscles of yenus and certain other molluscs. 
Macerated in salt solutions (ca. 0.25 M KCl), these fibers readily 
separate into long, slender fibrils 500 to 1000 A in width and 
several microns long (17). They manifest no regular internal 
structure in the electron microscope (Pig. 1). However, when 
treated with phosphotungstic acid (ea. 0.1%) before drying on 
the specimen holder, the fibrils sliow a remarkable fine structure 
consisting of a regular repetition of dark and light bands (Fig. 
2). The distance from one dark band to the next is surprisingly 
constant in individual fibrils and is equal to 145 A on the average. 
When the phosphotungstic acid stain is appropriately applied 
the cross bands show fairly discrete spots (Pig. 3). These spots 
lie on two sets of diagonals making dilferent angles with the 
fiber axis. The geometry of the j)attern is such that there is a 
repeating structure along the fiber axis every 720 A (Fig. 4). 

Fig. 1. Fibrils from adductor muscle of Venus mercenaria, unstained. 

X 17,000. Scale indicated on each figure represents 1 p, unless otherwise 

specified. 

Fig. 2. Fibrils from adductor muscle of Venus mercenaria stained with 

phosphotungstic acid to show banded structure, x 70,000. Distance be¬ 

tween bands is 145 A. 

Fig. 3. Same as Fig. 2. Appropriate staining reveals discrete spots 

which lie on diagonals which make different angles (a and p) with the axis. 
X 145,000. 

Fig. 4. Diagrammatic representation of stained lattice in Venus muscle 

fibrils. 
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This structure is in close agreement with small-angle x-ray 
diffraction data obtained by Bear (6) from the same material 
and represents the most striking example thus far obtained of 
direct visualization of the electron density variations in a pro¬ 
tein fiber conforming in detail with that deducible from the 
x-ray analysis. 

This geometrical pattern can be observed also in fibrils ob¬ 
tained from muscles w^hich had been fixed in alcohol. It is 
possible, therefore, to examine fibrils from muscles which had 
been in a state of extension or contraction at the time of fixation. 
The* pattern was found to be essentially the same in both cases. 
The interpretation of this invariance of structure of the fibrils 
in terms of the contractile process in these muscles is not yet 
clear. 

Collagen 

Collagen fibrils also show an axially banded appearance in 
the electron microscope (18), the period (640 A) agreeing closely 
with that found by x-ray diffraction studies (19). No staining 
is required to demonstrate this periodic structure; one has only 
to tease the fibrils from a bit of tendon and examine them directly 
in the electron microscope (Pig. 5). This structure is charac¬ 
teristic of all collagen fibers thus far examined and an experi¬ 
enced observer can readily distinguish collagen from other fibers 
in cell or tissue preparations. 

When collagen fibrils were stained with phosphotungstic acid 
the electron micrographs revealed not merely one dark and one 
light band per period but a series of bands, depending on the 
degree of extension of the fibrij (Fig. 6). Apparently a number 
of regions exist within the repeating period which combine pref¬ 
erentially with the stain; extension of the fibril causes certain 
bands which, in the unextended fibrils appeared to be singlets, 
to break up into doublets. This structure is qualitatively con¬ 
sistent with that deducible from the small-angle x-ray data. 

The above experiments with clam muscle and collagen fibrils 
foreshadow the important role which electron stains may be ex- 
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pected to play in future investigations of protein ultrastructure. 
The chemical interpretation of the fine structure revealed in the 
stained muscle and collagen fibrils is not yet clear though the 
combination of these proteins with phosphotungstic acid is prob¬ 
ably a sort of tanning reaction. Unfortunately, despite years of 
research devoted by leather chemists to the chemical mechanism 
of tanning, little is known about the details of the reaction. Sili- 
cotungstic, phosphomolybdic and chloroplatinic acids also stain 
the structures described above, but the resultant contrast is not 
quite so great as with phosphotungstic acid. 

These reagents belong to the class of coordination compounds 
known as heteropolyaeids (20). The molecules may be rela¬ 
tively large, having molecular weights of several thousand. This 
potentiates their staining ability since each molecule may con¬ 
tain from 6 to 24 or more heavy atoms like tungsten, molybdenum, 
platinum, and others. The highly olated vegetable tans and 
chrome complexes used by tanners may also have high particle 
weight and size. There has been much controversy as to whether 
such reagents produce tanning by combination with terminal 
polar groups of side chains, with the peptide linkages or with 
other groupings in the protein. In all events, these electron 
stains, being highly water-soluble, doubtless penetrate the pro¬ 
tein fibril in aqueous regions and combine with hydrophilic 
groups located in these regions. 

If stains can be devised which will combine differentially with 
specific chemical groups in the protein, electron micrographs 
may reveal the location of these groups. To what extent such 
studies will contribute to our knowledge of the amino acid com¬ 
position and configuration in fibrous proteins remains to be 
demonstrated. With the introduction of electron stains we en¬ 
counter difiSculties similar to those which result from the use of 
fixatives and stains in cytological technique. The reagents may 
bring out certain structures with great clarity, yet these struc¬ 
tures may bear no obvious relation to those existing in the cell 
under normal conditions. Hence stained structures should be 
interpreted with great caution. In the cases of clam muscle and 
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Fio. 5. Collagen fibrUs from rat-taU tendon, unstained, x 18,000. 
rio. 6. Collagen fibrils from rat-tail tendon stained with phosnho' 

tungstic acid, x 49,000. i' 

Fig. 7. Tnchocyst from Paramecium. 7a shows dense tip, 7b shows 
banded shaft, x 14,000. 

Fro 8. Banded fibrils from fibrin elot in spinal fiuid obtained from 
patient with tuberculous meningitis, stained with osmic acid, x 16 000. 
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collagen fibrils there can be no doubt about the existence of the 
structure in the normal tissues, for x-ray evidence obtained with 
intact tissue is in good agreement with that revealed by the 
stains in extracted and dried fibrils. 

Fibrin 

Students of protoplasmic structure are interested in the fibrin¬ 
ogen-fibrin system because of clues which it may give to the 
processes by which fibrous structure may be formed in proto¬ 
plasm. While the mechanism of the formation of fibrin by the 
interaction of fibrinogen and thrombin is stiJl poorly understood, 
data have been obtained recently bearing on the shapes and in¬ 
ternal structure of the fibrinogen and fibrin molecules. Fibrin¬ 
ogen is a very asymmetric molecule with a particle weight of the 
order of 500,000 and a length estimated to be of the order of 
900 A (21, 22). Fibrin differs little from fibrinogen in chemical 
composition and presumably consists of fibrinogen molecules 
bonded together in an undetermined fashion by the action of 
thrombin. 

From wide angle x-ray diffraction studies, Bailey, Astbury and 
Rudall (23) conclude that both fibrinogen and fibrin belong in 
the keratin-myosin class of protein fibers, since they give char¬ 
acteristic, though somewhat imperfect, alpha and beta patterns. 

Some electron microscope studies have been made of the process 
of blood clotting (24). Ruska and Wolpers (25) observed that 
fibrils, obtained from the pellicle which forms in the spinal fiuid 
in cases of tuberculous meningitis, appear banded in the electron 
microscope. Hobson, in this laboratory, observed a similar struc¬ 
ture in one case out of seven examined (see Fig. 8). Axial pe¬ 
riodicity has not yet been demonstrated in fibrin formed from 
highly purified fibrinogen and thrombin. Ruska and Wolpers 
believe the production of periodic patterns requires a very low 
reaction velocity to permit the fibrinogen molecules to aggregate 
in this quasi-crystalline fashion. The electron microscope ob¬ 
servations are important not only for the information they give 
about the structure of fibrin, but also for clues they furnish about 
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the mechanism of formation of this protein and possibly about 
the structure of fibrinogen itself. 

Neurofihrils 

Axoplasm is one of the most difficult systems to analyze struc¬ 
turally because of the great chemical lability of its highly hy¬ 
drated components. Polarized light studies (26) indicated the 
presence, in the normal nerve axon, of submicroseopic fibrils 
oriented parallel with the axis. These very thin fibrils presum¬ 
ably constitute the lattice on which materials deposit to form 
the neurofibrils visible in the light microscope. The system is 
too tenuous and hydrated to give useful x-ray diffractions. 
Richards, Steinbach and Anderson (27) observed a tortuous 
system of thin fibrils in specimens of axoplasm, extruded from 
giant fibers of the squid, which they relate to those inferred from 
the polarized light studies. Special methods will have to be 
devised to permit electron microscope investigation of the fine 
structure of these protein fibrils and their chemical relationship 
with the surrounding axoplasm. 

Trichocyst Sheath Protein 

Certain protozoa possess structures, called trichocysts, em¬ 
bedded below their surface membrane which may be extruded 
explosively in the form of elongated fibrils when the animal is 
attacked or stimulated electrically. In the process the trichocyst 
elongates six to ten-fold, due to a rapid process of swelling. The 
extruded trichocysts, viewed with the electron microscope, are 
seen to possess a dense pointed tip (Fig. 7a) and an elongated 
shaft which is very regularly cross-striated (Pig. 7b). Following 
preliminary observations (13) Jakus made a close study (unpub¬ 
lished) of the phenomenon. She concludes that the striated 
material represents an extremely thin proteinaceous sheath. 
This sheath, with its characteristic axial periodicity (ea. 550 A) 
is probably preformed and highly folded in the resting tricho¬ 
cyst. On stimulation the material enclosed within the sheath 
swells enormously and rapidly (order of a few milliseconds), 
causing the trichocyst to be expelled from the cell like a torpedo. 
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The sheath protein may be added to the list of those which show 
large periodic variations in density in the axial direction. Its 
closer chemical and structural characterization will be of great 
comparative biochemical interest since it seems to be an extremely 
primitive fibrous protein. 

POLARITY IN PROTEIN FIBERS 

Examination of the electron micrographs of stained collagen 
and clam muscle fibrils (Pigs. 4 and 6) shows that these fibrous 
proteins are not symmetrical but manifest polarity of structure. 
In somewhat extended collagen fibrils stained with phosphotung- 
stic acid the five dark bands in the repeating period are not 
equally spaced or equally dense. The fibril might be considered 
to point’’ in one direction or the other, depending on the refer¬ 
ence point which is arbitrarily chosen in the banded structure. 
One may readily recognize whether adjacent fibrils have the same 
or opposite axial polarity. There is some evidence that collagen 
fibrils may be laid down over macroscopic regions in certain 
tissues with all the parallel fibrils having the same polarity. 

Prom Pig. 4 it may be seen that clam muscle structure is also 
polarized. The two diagonals make different angles with the 
axis, hence the flat, ribbon-like fibrils would appear differently 
if rotated through 180° about the long axis. 

Since the differences in density of the stained collagen and 
muscle fibrils reflect differences in chemical composition or con¬ 
figuration, the polarization may imply differential chemical and 
physiological properties. The structural polarity also has in¬ 
teresting implications in the embryogenesis of fibers which show 
such polarity. 

THE MECHANISM OP FIBROGENESIS 

Since protoplasm apparently employs fibrous structures very 
largely in forming its microcosmic architecture, the process by 
which these fibrils are formed and recruited into an orderly 
organization becomes fundamental not only in biology but in 
medicine as well. Recent work on protein structrire is useful, 
if not to solve the problem, at least to suggest lines along which 
it may profitably be approached experimentally. 
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Two possibilities suggest themselves for the formation of fibers : 
1) by lateral and longitudinal aggregation of extremely thin 
preformed fibrous units, possibly the highly elongated native pro¬ 
tein molecules themselves; 2) by columnar aggregation of rela¬ 
tively ‘symmetrical soluble globular molecules. 

Strongly favoring the first possibility is the structure observed 
in muscle, fibrin and collagen. The ease of collagen is particu¬ 
larly striking and may be mentioned in some detail. 

Collagen fibrils fray longitudinally, the finest observable con¬ 
stituent fibrils being close to the resolution of the electron micro¬ 
scope. In dilute acetic acid the collagen fibrils of rat-tail tendon 
dissolve completely. The streaming double refraction, viscosity, 
and ultracentrifugal properties of the filtered, water-clear solu¬ 
tion show that highly elongated, particles are present, although 
they have not as yet been detected with the electron microscope, 
presumably because they have at least one dimension smaller than 
the resolution of the electron microscope. Upon neutralization 
of the acid solution, fibrils are promptly formed and these fibrils 
show all the fine structure demonstrated in native collagen fibrils 
treated with electron stains. 

While the process is far from understood, it seems probable 
that, when the ionic environment is favorable, the elementary 
fibrous units, called protofibrils by Schmitt, Hall and Jakus (18), 
aggregate laterally to produce the fibrils observable in the 
electron microscope. Significant is the fact that these protofibrils 
aggregate with each other “in phase’’ with respect to their axial 
fine structure, giving even quite wide fibrils a cross-striated ap¬ 
pearance in the electron microscope. 

The weight of evidence now available supports the view that 
microscopically visible collagen fibers are formed extracellularly 
in the proximity of fibroblasts. The nature of the fiber-forming 
material is not yet understood. The theory that fibrin may be 
chemically transformed into collagen (28) is based chiefly on 
histological staining evidence which is equivocal (29). Alter¬ 
natively, it may be supposed that collagen protofibrils or their 
precursors, produced within the fibroblasts, find their way into 
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intercellular spaces where the chemical environment is favorable 
to their aggregation to form typical collagen fibrils. Since 
collagen fibrils can now be observed and identified in the electron 
microscope the way is open to a direct experimental approach to 
the problem. 

According to the second hypothesis, fibrils may be formed by 
a columnar aggregation of soluble globular protein molecules 
which are not highly asymmetric in shape. The essential feature 
of this view is that the globular molecules become linked end-to- 
end without extensive denaturation such as occurs when these 
proteins are made fibrous by heat denaturation. Waugh (30) 
has emphasized this possibility and has described experiments 
with insulin which exemplify the process. By the action of 
acids and alkalies he demonstrated that insulin molecules may 
be reversibly converted into fibrils which, like certain tissue 
fibrils, have widths between 100 and 200 A and are microns long. 
This fibrous modification can be converted back to soluble insulin 
molecules without appreciable loss in biological activity or ability 
to form characteristic insulin crystals. If such processes occur 
in cells it may be presumed that they do so under the influence 
of specific enzymes. 

The two possible mechanisms of fibrogenesis discussed above 
are not mutually exclusive nor the only ones which might be 
suggested. While it is possible at present to offer only specula¬ 
tions about the fundamental processes of structure formation in 
cells, techniques are now at our disposal which should facilitate 
their further analysis. 

CONCLUSIONS 

Protoplasmic structure determination has, in the past, been 
considered the task of the morphologist. But if his only optical 
tool is the light microscope he can study only the relatively gross 
aspects of the structure. This is of little help to the physiologist 
in explaining the mechanism of cell and tissue function. 

Physiological function involves the ordered interaction between 
the structural ‘^machinery'' of the cell and the surrounding 
energy-furnishing aqueous milieu containing salts, enzymes, hor- 
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mones and a wide variety of metabolites. We have seen that the 
really characteristic structure of the machinery—the intra¬ 
cellular reacting system—^is to be observed by studying its ele¬ 
mentary units. Prom the investigations of recent years it has 
become clear that one of these structural units is the protein 
fibril which may be microns in length but from a few hundred 
to possibly less than 50 A in width. These minute fibrils aggre¬ 
gate into parallel or anastomosing bundles to form fibers visible 
in the light microscope. Or they may be interwoven into very 
thin fabrics to form membranes, of which the plasma membrane 
may be an example. 

Fortunately a high degree of order exists in the elementary 
structural units and this makes it possible to obtain valuable data 
by the use of x-ray diffraction and electron microscope tech¬ 
niques. These techniques have been applied to the problem only 
fairly recently and much development will be required before 
the limits of their usefulness can be estimated. 

The task therefore resolves itself very largely into one of molec¬ 
ular and macromolecular morphology. At this level of organi¬ 
zation the boundaries between morphology, physiology, and bio¬ 
chemistry very largely disappear. The investigation of proto¬ 
plasmic ultrastructure presents a stimulating challenge to physi¬ 
cists, chemists, and biologists alike and is eminently worthy of 
their best efforts. If representatives of these sciences will join 
forces in a common assault upon the problem further progress 
may be expected to be rapid. 

The normal function of a cell or tissue involves the integrated 
action of all of the structural components. This integration con¬ 
stitutes a much higher level of organization than that which we 
have been discussing, one with which the biologist feels more at 
home. It is an unfortunate though understandable character¬ 
istic of those who focus their attention on the lower levels of 
structure to have a myopic view of the cell or tissue sj^stem as 
a whole. However, this is perhaps less regrettable than the 
hyperopia which characterizes many of those who are content to 
restrict themselves to purely descriptive studies of structure for 
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its own sake, usually at the level of light microscope resolution 
or somewhat lower. Until we have progressed sufficiently with 
the difficult problems of molecular morphology it is unlikely that 
rapid advance will be made with those which involve far higher 
levels of organization. 
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