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I • INTRODUCTION 

~1any peop l e have t heor ized that t he mechani cal milking machine is 

r e lated to t he incidence of bovine rnastitis . The most s i gnificant contri -

buti on , i f any , to the i ncidence of masti tis is due e ither to the transfer 

of microorganisms causing mas titis , introducti on of microor ganis r:is int o t he 

udder or as a traumatic ins trument causing injury t o t he udde r of t he cow. 

I t is i mportant to unde r s t and mor e fu lly t he changes in I MP (intramammar y 

pressure) durin~ me chanica l milking to eva l uat e the effect of the milking 

mach ine on the udder . 

The primar y objectives of this investi pat ion we r e as fo ll ows : 

( 1) t o deve lop a me t hod fo r insertion of intramammary catheters wi t h in 

t he teat sinus and g l and sinus fo r measuring P IP . 

(2) t o measure I MP concomitantly with milk in g machine vacuum an d t o 

demonstrate t heir relationships . 

(3) t o meas ure the H IP between mi l kinp.:s in t he absence of udder man i pula-

tions. 

(4 ) to observe various phys iological aspects of t he udde r during these 

experiments. 

Seve r a l p rocedures were used fo r cathet er inserti on into the mammar y 

gl and . The t e chni ques emp l oyed we r e be lieved to oroduce a minimal of a ltera-

tion in t he phys iology and anatomy of t he udde r . Techniques fo r t he inser-

ti on of intramammary c a t heters within the t eat sinus and .g l and sinus fo r 

rr.eas urin .11: of HIP a r e described . Some of t he nrob l ems encountered durin g 

these procedures as we ll as their advantages are discussed . Res ults of I'!P 

chan ges between mi lkings and during mechanical milkin ~ are present ed 

and evaluated. 



2 

II . REVI EW OF LITERATURE 

A. Deve l opment of the li l ki n g ~achine 

"The judges greatly re gret t hat there was no entry i n class XI V for 

t he bes t mi l king mach i ne . He wh o s uccessfully so l ves t he diffi cu lty will 

reap a rich reward . The want of such a machine is the one missing link i n 

dairy man a gement . Greate r mechani ca l difficulties have been over come , an d 

we hope befor e many years to see t he mi l kin g: machine diffi cu lty p r actically 

solved . 11 (1) So wrote t he judges i n their reoort on the Trial of Dairy 

I mp l cmen t s a t t he 13ris t o l Royal Sh ow in 1878 . The pri ze of 50 :!,JOunds which 

had been offered was offered again i n 1882 , with the same r esult. I nven-

t ors we r e not barren of ideas , but none were suff iciently successfu l t o be 

p ut into p r actical use (41) . 

1. The cannu l ae milking machine 

TI1e earliest devi ces were cannul ae: Bl u r ton in 1836 pat ented a cannu-

l ae machine in which the pail was suspended from the cow ; others fo llowed 

his lead and thi s idea persisted for many years (4 1) . The sinm l e physi cs 

of t he p r ob l em l ed to the idea of usinv vacuum , an d t wo Br i t ish invent or s , 

Hotly.es and Br ockenden , in 185 1 , were p robably the first t o use t his (41) . 

Co l vin of t he U. S . A. ex t ended the idea in 1860 to inc l ude a form of t eat 

cup ( 14). 

2 . The vacuum mi l king machine 

The next advance in milkin r; 1r.achine desirrn was incor porated i n the 

~ turch l and Milking machine . The inven t or , Wil l iam ''urch l and , was a sanitary 
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engineer who knew little about milkin g cows before designing his milking 

machine (29). 

The Murchland milking machine used a hand operated vacuura pump which 

exhausted a 1-inch p ipe system extending overhead around the cowshed and 

p rovided a stall cock between each pair of cows. A continuous vacuum of 

280 mm I-lg \vas applied to the teats. One boy could maintain the necessary 

vacuum for three zirls to operate two or three uni ts (29) . 

The Nicholson and Gray milking machine appeared shortly after the 

Murchland. It used a hand or power driven reciprocating vacuum pump con-

nected to a pi pe line l aid on the floor ,,·hich had a short vertical branch at 

each stall. The teat cups were made from cow ' s horns an<l each was fit t ed 

with a rubber mouthpiece . Continuous vacuum was maintained at 380 mm Hg 

but fluctuated with each stroke of the pump . The buckets we re introduced 

for individual recording and we r e provided with gr aduations for this pur-

pose (27). This machine won 20 pounds and a silver rr.edal at the Doncaster 

Roya l Show in 1891 (27). 

3 . The puls ator 

Dr . Shields of Glas gow took out patents in 1895 an<l 18% for a device 

which he called a " pu lsator" . He had formed the Thist l e ~1e chanical ~lilking 

Machine Company and exhibited his machine at the Darlington Royal Sh ow in 

1895 , thus , winning a silver medal ( 41) . His idea '"as to relieve the teats 

of constant suction, and in fact, to develop the very feature for which 

the Nicho lson and Gray machine had been criticized (41) . A mechanically-

operated valve on the vacuum pump admitted air to t he pipe line with a 

regular frequen cy so that the vacuum applied to the teat varied rhythmically 
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or pu l sat ed between 60 and 380 mm Hg. The teat cups were made of rubber 

and moul ded so that under t he in f l uence of the pu l sating vacuum inside , 

and the constant a t mospheric pressure outside , they s queezed t he teat s a t 

pu l sation freque ncy (42) . 

4 . The double chambered teat cup 

Al exander Gi l les , a dairyman in Te r ang , Austra l ia , in 1903 invent ed 

a doub l e chambered teat cup to operate on vacuun alone (41) . He app lied 

t his princip l e t o the Lawrence- Kennedy machine wh i ch had been i mpor t ed 

from Great Br itain . The pu l sat or was now used to app l y a squeeze t o t he 

t eat by varyin g t he pressure in the annular chamber i ns t ead of directly 

int erruptin g the vacuum app l ied to the t eat . Thus was born t he Lawrence -

Kennedy- Gilles , or LKG mi l ki n g machine , t he first t o e mb ody a il the prin-

cip l es of machine milking as known today . 

I n Brit ain t he LKG mi l king machine con tinued to deve l op and anothe r 

of the features of Gilles p aten t s was i ntroduce d . This was t he " Gi lle ' s 

Ho le ," t h r ough whi ch a small quantity of air was admitted into t he c l aw-

piece or i n to the teat cups , t o assist the movement of milk a l ong the 

mi l k line ( 41) • 

In 25 year s f r om the i nvent ion of the doub l e chamber ed t eat cup and 

40 year s after the Murcl1 l and came on the market , vi r t ual l y a ll the p r esent 

day pr inci p l es were established . Through out this period of develooment 

there was a continual search for the bes t method of use and fo r efficient 

tedrniques of cleaning and ster ilizing , all of which had an i mportan t inf l u-

ence on de tail design . Ope rating conditions of vacuum and pul sat ion r a t e , 

however , h ave always had a rathe r vague foundation . The ear l y vacuum l eve l s 
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Fe re p robab l y lir.ri. t ed by pump des i gn and capacity ( 41) . The gui ding p rin-

cip l e was variously s t a t ed as t he r a t e at l'Jhich t he calf nurses or the r at e 

at wh i ch the cow' s heart beats; e ither one be i n g qui te illogi ca l ( 4 1) . 

It was not unti l 194 1 t hat a theory on wh ich lili !king c oul d be e>..1) lai ned was 

advanced by El y and Petersen (20) an d "lille r an d Pete rse n ( 47) in t he United 

States. Since t hen research into t he prob lems of design and us~ of milkin g 

rr.achines has deve loped on an increasing scale . 

B. Operation of t he \ Ii l king ~l achine 

I. Doub l e acti on nrinciri l e 

\'Ii t h a few exceptions a ll mode rn mi ! king machines oper at e on an 

orthodox princi ple which i s basi c ally that e st ab li shed by t he Ll\G oilke r of 

1903 . In essence , t h i s involves the app licati on of a cons tont vacuum to 

the end of t he teat , to dra"· t he milk out and c onvey it t o a sui t ab l e con-

tainer , together \..-ith a peri odic squeeze app lied ext e rnally t o the \:ho l e 

of the t eat , t o r.wintai n b l oo<l d rculation . This is known as t he doub le 

action p rincip l e and is that normally use d (4 1) . 

2. The t hree nhasc rninci n l e 

In the U . S . S . l~ ., \·:here the advent o f r.1ilkin o machine s is cor.:uarative ly 

recent, a "three phase" p rincip l e is us e d excl usive l y (4 1) . 

"Three phase" ma chines have a nonnal t eat cun assemh ly, but t he claH-

:ii ccc and pulsator are Ii10llifie cl so t h:-it the pulsation cycle consis ts of a 

re lease and squee ze , followe d by a res t ~)f\;i~e in \d1i ch the i nside of the 

t eat cup liner ar. d the pulsat i on chranber ar c bot:1 at atnos~heri c p ressure . 

The ratio of the t hree phas es is 45: 15:40 (41) . No r e l iab l e comparative 
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evidence is available, but it appears inevitable th at the rate of milking 

will be slower, other facto r s being constant (41) . 

3. The with draw a l of mi l k 

It is necessary to understand clearl y the nature of the t e rm "vacuum". 

Sometimes the rat he r illogical and impractical te rm "negative p ress ure" is 

used, but in this connection it may be conside red to mean vacuum (41) . 

Vacuum is usually measured in terms of inches of mercury, (mm Hg in scien-

ti f~ c fie l d) representing the r e duction of pressure below atmospheric 

pressure . 

The milk in the udder is gene rally above atmospheric pressure when the 

tea t cup is applied. The vacuum in the teat cup thus establishes a great 

p ressure differential with r espect to the t eat sinus and the milk is forced 

out through the teat canal. The rate at which the mi l k is r emoved is 

dependent on vacuum, pulsation rate and ratio, diameter of the teat canal, 

elasticity of the teat sphincter, milk ejection , and U.IP (5, 12 , 16, 24 , 

41 , 47, 51, 64). 

C. Domestication and Dairying 

1. The domestication of cattle 

The domestication of c attle , as a source of food , was an important 

phase in the advancement of man ' s civi li zation. His t orically , one should 

review domestication and dairying . App lied phys iology was exhibi t ed by the 

pri mi tive peop le in deve l oping the art of mi l king , partl.cularly with respect 

to milk l e t down . 
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Dorr.es tication was p robab l y first achi eved t hrough a symbiotic associa-

ti on between man and wolf , which p roduced t he domesticated dog . Zeuner 

(96) be lieves t he controlling of t he r.iovements of goats or sheep was t he 

next stage of domes ti cation . lie states t here is archaeologica l evidence t o 

show that both were domesticated much earlier th an the ot he r ru r.iinan t s . 

The earliest goat r emains dat e back to 9000- 6600 B. C. (96) . 

Domestic cattle were be lieved to be present in Wes tern As i a at least 

3000 B. C. This evidence was based on skeletal rer.iai ns . The main early 

source of archaeological ev i dence f r om Europe is t he Swi ss l ake dwellings. 

Domes ticatcd cattle appear with t he earliest Neolithic i mmi grants, and 

r e cent radiocarbon dates indicate that their arrival was about 3000 il . C. 

(96) . All domes ticat ed true cattle are des cendents of Bos primi genius and 

of its Indian subspecies ~·E.· namadicus . Ar chae ological evidence suggests 

t hat t he date fo r the beginning of domes tication lie s somewhere be t\veen 

6000 and 4000 B. C. (96) . 

2 . The early mi l king of cattle 

The milk ejection r ef le x can be initi at ed under natura l conditions by 

t he act of suckling . The r efle x may also be evoked by s ti mu l ati on of t he cer-

vix or other parts of the ute r o-vaginal tract . Lastly , t he milk ejection r e -

flex can be stimulated by a conditioned r eflex such as nearness of t he calf 

or r outine preparation for milking. It i s a famili ar fact that many cows , 

even today , and certainly t hose kep t unde r p rir.li ti ve conditions , wi 11 not 

l e t down their milk unless the calf is present (11) . Howeve r , t he hi gh l y-

brcd mi lk cow no l onger r equires nowe r f ul external s timu li but may be condi -

tioned to t he mi l dest of envi r onmental influences . In contrast, in living 
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primi t i ve societies, instances ar e encoun t e red whe r e the anima l s appear to 

require some intense form of s timulation before t he mi l k is r e l eased , and 

pas toral peop l es seem to be aware of a who le r ange of circur.is t ances whereby 

milk ejection may be evoked , and t o which s upe rnatural powers are sor.1e times 

allied (96) . 

It wi ll suffice her e to give t wo extreme examp l es of eliciting mi l k 

ejection for the purpose of obtaining milk . Many pri mitive tribes took 

advantage of the animal 1 s physio l ogy and behavior to a ccomplish t h i s with-

out t he aid of magical powers . The Tibetans , for examp le, maint ain t hat 

their (Yak) cows can only be milked out af ter the cal ves h ave begun to 

suck le, and the same op inion appears to be held by many pas toral t r ibes in 

Afr i ca and India (11) . 

An element of magic, however, i s seen in t he practices of the Wania turu 

tribes which are described by Sick (69). "If a cow refuses to be milked, 

a wi tch doctor (the mbohangombe) brews a secre t concoction with which he 

smears the hind quarters of the animal around the vulva . There upon , he 

t a1<es some of the brew in his mouth and holding t he lips of the vulva wide 

apart, blows it vigorously into t he v agina. The cow, reacting t o these 

interventions, arches her back and urinates in his face , a circurastance 

wh ich appears to be of little consequence to the operator . At the s ame time , 

the witch doctor dr apes a calf ' s skin over a sma ll boy who has been smeared 

prev ious l y with t he concoction and p l aces him before t he cow; t he ani ma l 

smells the pe lt , licks it and soon submits quietly t o the mi l~in~ routine . 

Indeed , so accuston~d may the cow become to the presence of the child, t hat 

she wi ll become r est l ess and be llow loudly i f the subs titute is not at hand ." 
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D. Anatomy of the Udder 

1. Structure of the udder 

The udder of t he mature cow normally consists of four functiona l 

gl ands and weighs 25 to 60 pounds (exclus ive of mi l k) . Variations in size 

are due to heredity , a ge, stage of l ac t ation, and amount of secretory and 

connective tissue . The udder i s di s tinct l )' divided into ri eh t and l eft 

ha lves . Whi l e t he f r on t and r ear quarters a r c not visibly separat ed , t hey 

are distinct on t he basis of mi l k drainage r ou t es (71) . 

The inte r ior of t he g l and has a porous , spongy appearance due to the 

great number of mi l k collectin g ducts , b l ood vessels , and l ymphatic vessels . 

The ratio of t he secretory tissue t o t he duct i l e t issue v ar ies consider ab l y . 

The se cre t or y tissue consists of many lobules of a l veoli served by collect-

ing ducts which empty into the g l and sinus (l acti ferous sinus) a nd teat 

sinus . The alveoli consist of three l ayers: (1) the basement memb r ane 

consisting of thin connect ive t issue cells, (2) the myoepi t helial laye r , 

baske t cell type, and (3) the secreting layer of colu:nmar and cuboida l ce lls . 

It i s estimated t hat approximat e l y 40~ of the t ot a l mammary secre tion 

i s stored in natural spaces and t he additional 60% is s tored by stretching 

of t he udder ( 7 l). Tnis e l astici t)' of the udder prevents true me:isurement 

of mi l k secre ti on r ate by either pressure or en l arf!ement of the udde r . 

lloweve r, udde r capacity estimates as affected by t he rate of milk secretion 

have been s tudied . Tucker (78) r eports t hat with increased milking i nte r -

vals t he total pounds of milk increased asymptotically . The es timated 

theoretical udder capaciLies for five groups of anima l s in this s t udy we r e 

42 . 4 , 49 . 9 , 55 . 8 , 5 1. 3 and 63 . 2 pounds of milk, resnective l y . Milk secre-

tion was estimated t o approach zero after 35 hours post mi ! kin g. 
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El ectron mi croscopy studies of the t hree phases of udder gl andular 

activity (prolifer ation , colostrum format i on and l actati on) are temporarily 

well defined during bovine gestation and l actati on (23) . In ear ly and mid-

ges t ation , proli fe r at ion of gl andul ar epithe l ium is oredominant , and 

secretory activity is minimal. During t he colos trura-forming phase , trans -

port of l arge quantities of serum ga~ma gl obulin t o the secretion is 

characteristic. Afte r ca lvin g, synt hesis of protein and fat is the major 

feature of l actation (23) . 

Richardson (67) s t at es t hat myoepi the li a l cells are present throughout 

t he mammary tissue and surround the a lveo li and smaller ducts. Linzell 

(36) observed, micr oscopically , contraction of the myoep ithe li a l cells 

in mouse mammary tissue . The myoepi thelial cells are referred to as the 

effe ct or organs in milk ej ection. Smooth musc le is s cattered in inter-

l obular bundles closely associated with t he blood vesse ls (67) . However . 

smoot h musc le is not significant in mi lk ejection from the a l veo li . 

Each gl and has but one true sphincter which is l ocated at the dista l 

end of the t eat (71). The cana l through t his sphincter is from 8 to 15 

mi lli me t e r s l ong and is known as the papillary duct , l acti fe r ous duct , 

s treak (s trich) canal , or t eat canal . The teat sphinct e r normal l y closes 

the t eat cana l to facilitate milk r et ention. The efficiency of t his 

sphincter i s dependent on four inte gral component s . Thes e are ( 1) e l as tic 

connective tissue, (2) smoot h muscl e , (3) desquamated epithe li um within 

t he teat canal , and (4) loose folds of mucous merrbrane (f-urstenberg ' s 

r ose tte) at the proximal end of t he t eat canal (64) . 



11 

2. Blood supply of t he udder 

The blood supp l y of t he udder is very extensive. The abdomina l aorta 

bifur cat es to form the paired internal and external ili ac arte ries . The 

external pudic artery, a continuation of the ext ernal iliac art ery , is the 

major arterial blood supply to the udder. This artery subdivides into 

Many branches to supp l y t he udder. The internal pudic artery , a continua-

tion of the internal ili ac , supplies t he pe rinea! a rtery . The nerineal 

artery subdivides and supplies the dorso- caudal aspects of the udde r 

(71, 73) . In addition , Lin ze ll (39) has shown t hat the perinea! vein has 

small scmilunar valves which direct the b l ood flow into the udder . 

The venous effluent from the udder has three routes of return: (1) 

the ex t e rna l pudic ve ins, ( 2) the subcutaneous abdoninal veins and (3) 

the l a t eral s urface veins which anas t omose with the saphenous vein of t he 

thi gh . The presence of the l atter route is inconsistent (73) . 

The arteries and veins of t he udder have very extensive anastor.ioses 

with t heir r espective col!lponents . Swett (73) found th at 749<> of 157 veins 

anas tomosed on t he ri ght side of the udder and 69% of 144 veins anastomosed 

on the l eft side of the udder . Swett also reported 12 arteria l anas t omoses 

on the l eft , 15 a rte ri a l anastomoses on t he ri 11h t, and 12 trans medi an 

arteri a l anastomoses in t he bovine udder . 

3. Nerve supT)ly of t he udder 

The nerve suno l y to the udder consists of sensory and sympathetic 

fibers . St . Cl air (6 8) conc l uded t here was no parasym!:Jathetic ne r ve supp l y 

to the r!lamnary gl and of t he cow since no gan r, l ia were fo und in t he udder . 
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H.ecent investigations have entire l y failed t o s ubs t antiate the exis t ence 

of par asympatheti c endings in the marr.mar y gl ands (34 , 35) . The sensory 

nerves arc : ( l) t he inguinal nerve consisting o f ventra l b r anches from 

lumbar s pinal nerves 2 , 3 and 4 , (2) ventra l branches of the firs t 2 

l umbar spinal nerves , and ( 3) t he perinea! ne rve , a b ranch of the pudic 

nerve , consistin g of fibers f r om t he sacra l spinal nerves 2 , 3 and 4 . 

Sympathe tic inne rv ation of t he udder from t he mesenteric p l exus is 

incorporated in the nerve trunk of the inbuinal nerve (7 1) . 

E. Hormona l Control of Milk Ej ecticn 

The hor mones oxytocin , vasopress in , epinephrine (adrenalin) and 

norep inephrine (noradrenalin) essentially control mi lk ejection. Oxytocin 

and epinephrine p l ay the major role , while vasopr e ssin and norepineph rine 

are relative l y uni mportant . Oxytocin enhances milk ejecti on while 

epinephrine inhibits this phenomenon . 

1. Oxytocin and vasonressin 

Oxytocin is an octapeptide , containi ng e i gh t di ffe rent amino acids , 

three being p r esent as amides . All of the amino aci <ls have t he 

L- confi gur ation . Oxyt ocin isolated from human , beef , hog , and horse 

pi t uita ries has the same amino acid comp osition . The mo l ecul a r weight of 

oxytocin i s 1 ,007 ( 79) . 

The pituit ar y gl and consists of an adenohypophysis and a neuro-

hypophys i s . The neurohypophysis , in parti cular the neural l obe , which 

stores oxytocin and vasopr essin (antidiuretic hormone) i s directly r e l ated 

to milk ejection . The present concept indicates t hat oxyt ocin and 
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vasopressi11 arc neurosecrctory products which arise in t h e riaircd supra-

o;itic and paraventricul ar nuclei of the hynothal amus . Es timations of t he 

horr.~one content in the s epar ated su11rao·1tic and oar avcntricular nuclei 

cf sheep gave the fo llowing results : (1) the su:1rao~tic nuclei contained 

uore vasopressin than oxytocin (V : O = 3 . 3 ! 0 . 57) and (2) the par a-

ventricular nuclei contained mo re axytocin th an vasoo rcssin (V: O = 
0 . 66 ! 0 . 08) (33) . h most exnerimcnts irr~spective of t he stimulus 

cr.;p loyed , t he neural lobe re l eased both hormones simultaneously and 

oxytocin was liberate d i n rn.uch greate r quantities than vas oDressin (79) . 

;'mvever , Theobald (76) concludctl from ex::ierin:ents at parturition in t he 

hunan t hat oxytocin ~d vasop ressin can be r e l eased independent l y of 

each othe r . The oxytocin t o vasonressin r at io varied f r om 4 : 1 t o 100 : l. 

Oxytocin is 5 to 12 ti r1e s as potent as vasoo ressin i n its oxytocin effect 

and it anpear s to have little pressor and anti<liuretic effect (18) . 

Oxytocin !:as three i mportnnt funct i ons : ( 1) to i ncre ase uterine 

contracti ons , (2) a cli r e ct effect on secretory <Jctivi t y and r e t ardation 

of mam1nary g l and invo l ut i on , and (3) i~edi ation of mil k ejection durin~ 

mi l king ; the l atter effect hcin~ essenti::i l for cor.:u l e tc mi l kin~ (9 , 79) . 

The ini tin ti on of oxytocin re l ease nay result from a di rcct stir.1u l us 

to t he udder and teats or from a condi t i oned r ef l ex such as feeding a t 

milkin g t ime . Oxytocin is r e l eased into t he b loocl stream and tr::insported 

to the mam1:lary p, l and . Oxy t ocin then acts upon the r.iyocpithe li a l cells 

of the a l veo l i and adjacent ducts 1·:hich contract and expel t he n•ilk i n t o 

t he collecting ducts for r enova l (37) . 
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2 . Epinephrine and norepinephrine 

Epinephrine i s a secondarr a l cohol ; the full chemi cal n::u:1e i s 

3 , 4- di hydr oxy- a- pheny 1- 8- met hy l aminoe t hano l. The n atura l l evorotatory 

form is 15 times mor e powerful t han t he dextrorotatory form ( 8) . 

The ce lls of t he adrenal medu ll a e l aborate epinephrine and nor-

epinephrine . These hormones are oft en r eferred to as t he catecho l ami nes . 

The t wo hormone s ar e very si lT'i lar in chenical properties , but t he 

pr esence of an additional met h)' l gr oup in epineph rine changes t he side 

chain from a primar y amine, n orepinephrine , to a secondary amine , 

epinephr ine (79) . 

The neural s timulus for t he dis char ge of adrenal medull ary honnones 

i s acetylcholine , \vh i ch i s liber at ed by t he sp l anchnic nerv~ t e r mina ls 

t hat come in contact wi t h the Tf1cdu ll ar y ce lls ( 79) . Stir.lu l ation of a 

particul ar ar ea of the hypotha l amus causes mai nly epinephr ine to apnear in 

t he adr ena l venous b l ood ; s t imul a t ion of an other ar ea promot es t he appear-

ance of norepi ne~>hrine in t he venous eff l uent . These observat ions i ndicat e 

t hat epinephrine an<l n or epineph rine may he re l ease d separate l y by t he 

adrenal medulla and supnort t he concept that t he hor r.lones arise from dif-

f erent t ypes of medu llary ce lls . 

Epinephrine and norepinephrine are a l so r e leased as neur ohor mones by 

mos t pos t gan gli onic sy11ipat he t i c nerve e ndin~s . The gr eat nass of evi dence 

indicates t hat nor epinephrinc is the neurotransmitter at t hese nerve 

endings (79) . 

Hhile t hese t wo hormones ar e similar in many bi o l ogica l respects t he re 

are i mnortant differences in the nature and de gree of t heir effect s . Bo t h 
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hormones increase t he heart r at e , a lthough epinephrine i s more po t ent in 

t his respect . Both increase sys toli c b l ood p ressure, whereas on l y nor-

cpineph rine increases dias tolic press ure . The hypertensive effect of 

norepinephrine i s a consequence of increased peripheral res i stance by 

vasoconstriction, whereas epinephrine increases t he c ar di ac output (79) . 

It i s i mportant to not e th at in mau epi nephrine may cause an anxi e t y 

stat e , while norepinephrine does n ot . P.owever , anticip at or y s t ates tend 

to elevat e the r e le ase of norepinephrine , and in inte nse e mot ional 

reactions both hormones are elevated . 

F . ~!ilk Ejection During ~filking 

Russian scient ists recognize t wo diffe r en t mechan i sms of milk ejec-

tion , r ef l ex milk ejection , and oxytocin s timulate d m~l k ejecti on . 

Wes tern scientists adhere on l y to the l att er concept of mi l k ejecti on . 

The discussion he re wi ll dwe ll on t hese mechanisms of milk ejection wi t h 

this controve r s i a l point in mind . Milk eject ion may t hen be c l assified as: 

(1) r ef l ex mi l k ejection, (2) f irst oxy t ocic milk e j ection , and (3) 

second oxyt ocic milk ejecti on . Milk ejection can occur 1.;ithout mi l k r e -

mova l from t he udde r . The pararaeter s for measurement of milk ejection in 

t he cow are intramammary p r ess ure and t o sor:!e extent , milk flow rates . 

l. Ref lex rai l k e jection 

The reflex mi l k eject ion r.iechanism appears t o consist of a simp le 

ref l ex arc . TI1e afferent stimu l i may consist of maninu l ation of t he te at s 

and udder or a conditioned ref l ex associated with r.;i l kin g . The effectors 

of this re f l ex arc arc the smooth r.rusclc f i bers of the t ea t s , p arenchyraatous 
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tiss ue and l a r ger ducts . The mos t ir.mortant smooth musc le fibe r s concerned 

with r efl ex mi l k ejection s urround the l ar ge r duct s . Re l axation of these 

fibe r s a llows milk in t he l arger ducts t o dischar11e into t he a l an d sinus lo.• ,_, (J 

( 95) . However , t he gr eatest portion of the mi l k i s retained in the 

a l veo li awaiting the milk ejection r esponse e licited by oxytocin. Reflex 

milk ejection occur s in t he fi r s t 10 to 15 seconds aft e r stimu l ati on . 

2 . Oxy tocic milk ejection 

The firs t oxytocic mi l k ejection usually occurs wi t h i n one or two 

minutes after s t i mu l ati on of t he udder by wash in$! with warm wat er or 

massaging . Following initial s timul ation , t he central nervous system re-

l eases oxytocin from t he neurohypophysis into t he b l ood stream. Oxyt ocin 

is then transported to t he mammary g l and where i t causes contraction of 

t he my oepithe lial cells and subsequent milk ejecti on . 

The se cond oxyt ocic milk ej ect ion fo llows the same general patte rn as 

t he f irs t . Ter mina l milking cons titutes an additi onal s timulus for r e -

l ease of mo re oxytocin and hence a repetition of the firs t milk ejection . 

The l atte r phase of milk ejection usua lly occurs within 4 to 7 minutes 

aft er milking commences , However , in a fast milking cow t he second r e -

l ease of oxytocin may fai l t o occur befor e mi l k in g i s comp l e t ed and may 

not be essential for comp l e t e mi l kin g. 

~!i l k ejecti on may be interrunt ed by a pai nfu l s timu l us , sudden move-

ment or loud noise . A painfu l s timulus to t he t eat doe.s not interfere with 

milk ejection as readily as a painfu l s timulus e l sewhere . The intcrrunti on 

of mi l k ejection is pr esumab l y brough t about by a direct central nervous 
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sys tem inhibition or by the action of e pinephrine . Milk flow r e l at ed to 

r e fl e x milk ej ection was stoppe d by s timul ati on of t he ~erinhe ra l end of 

t he exte rn a l s pe rmatic (ingui na l) ne rve . rli l l: flow duri n g oxy t oci c milk 

ejection was s lowed under t hes e conditi ons (95) . Thi s p rob ab l y r es ulted 

f r om stimul ation of t he sympat hetic f i be r s incorpor a t ed in the e xterna l 

snermatic nerve . 

There has been cons i de r ab le controve r sy i n t he p ast as to whethe r an 

inte rrunt i on of milk ejection can occur during milking . Linze ll ( 36) , 

u~on micros cop ic examination of livi ng manur.ar y tiss ue , obser ved t hat 

epinephrine administe red intravenous l y anta .rronized t he action of oxytocin . 

He a l s o obse rve d th.at stimulation of the sympathe tic ne rves of t he gl and 

h ad a similar action. Neithe r epinephrine nor noreninephrine inh i bits 

t he myoepithelium itse l f when oxyt ocin i s app lied t opi cally at t he hei ght 

of vasocons triction . The pe riphera l inhib itory action of symnathetic-

adr ena l activity on milk ej e ction in t he whol e an ir.lal is mos t l i kely due 

to an intense vasocons tri ction nr e venting adequat e access of oxyt ocin to 

the my oepi t he lium ( 36). The mammar y gl an d b l oad vesse l s ar e ve r y sens itive 

t o epineph rine and norepincnhrine ( 28) an d s timul ation of t he symnathetic 

nerves can t emporari l y s t op mamr,iary b l ood f l ow (56) . 

The e ffect of epinephrine on oxytocic milk e jecti on in the lact a ting 

sow has a l s o be e n examined. 13oth the duration of e j ection and the chan i:?:e 

in intramammary pressure we r e used to meas u re t he r esponses produced . The 

effects of 0 . 5 l . U. of oxy t ocin we r e s uppr essed by 200 µg of ep i nephrine 

inj e cted jus t be f ore t he oxy t ocin. Inhi bitory action decreased as t he 

pe ri od be t ween t he in jections increased . Two minutes aft e r epinephrine 
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injection the oxytocin response was norma l ( 82) . The results obtained by 

\'Jhi ttles t one (82) are compatible with t he viel'I t ha t epinephrine induced 

vasoconstriction i nterferes with the access of oxy tocin t o t he manmary 

myoep i t he lium. 

Inhibition of oxytocin rele ase by the cereb r a l cortex during stres s -

ful stimuli can a l so p r e vent milk ejection (74) . \llhile pai nful s timu li 

prevented oxytocin release , topica l app lication of 25% KC l , in order t o 

induce cortica l s p r eading depression, caused t he disapnearance of t he 

inh i bition of oxy tocin r elease (74) . Partial mi l k ejection may be i nduced 

by short periods of udde r s timulation ( 44) . 0>..T t ocin ap.re ars to be 

necess ary for mi l k e j e cti on and t hus a nor ma l l act ation (46) . 

G. Intramamrnary Pressure Changes (H.!P) 

1. Changes affectin g secretion 

Milk secre tion continues at a norma l r at e until the intra- a lveol ar 

p re ssure increase s t o app roxi mately 25 or 30 mrr. Hg . The r eafter t he secre -

ti on rate is parti a lly or totally inhi bited . Pe t ersen an d Ri go r (6 1) con-

cluded fror.i a seri es of experiments t hat as oressure increased toward 25 

mm Hg , secretion and r esorpti on r a t es r eached a st at e of equi libriur.i . 

There i s no direct linear r e lationship be t ween udder fi lli ng and I:-:P 

( 8U ). Turne r ( SU) found t hat early in l actation t he p ressure at which 1:1i l k 

secretion was suppressed was much hi i;;he r t han at l ater stap-es of l act a ti on . 

In one cow secretion was not affe cted by 15 ir.m Hg p r es sure earl y in l acta -

tion, but was f; rc atly de pressed when t he pres sur e r eached 30 nm t1g . At t he 

close of lactation , mi l k secreti on was virtually s t opped by 15 mr.1 Hg pressure . 
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2 . Changes bet ween milkinRS 

The measurement of HIP between milkinps has been studied . In 1926 

Tget ge l (75) reported an increase in I IP between mi l kinP'S . In one cow l.iP 

just after milking was 1 mm Hg and increase d to 20 mm l!g 11 hours after 

mi l k in g . P!P before mi l k ejection was measured 1.l1 10 cows and a maximum 

ran ge of 15 .1 to 37.0 mm Ilg was found , 1vhile the n ilk yie lds ner milking 

varied from 6 . 8 to 17 . 0 pounds . Sr.iith (71) stated there was no measurab l e 

increase in r ;.JP the first hour fo llowinf mi l king and t he r eaft er the I !P 

gradually increased unti 1 the next mi I kin g. This was prob ah l y due to the 

hydrostatic effect of t he accumul ated 1:ii l k in the l ar?er milk duct s and 

sinuses . Smith fur.ther stated that B lP 1vi 11 vary 11<i t h t he shape and 

quality of the udder and t he p r oduction of th e cow . 

Tucker et al. (78) measured I ~.li' between r.iilkings and renorted 18 to 

5 1 mm I l g before stinulat ion with total milk yie l ds between 18 and 43 

pounds . These measurements were taken with the aid of a manomet er, rubber 

tubin e , and a teat cannu l a. Kerkman (31), usin7 a similar aon~ratus, 

measured H1P just after mi l king . In five cows the I '-!P varied from 0 to 

5 rr.m Hg . Within one hour it reached an avera .~e of 8. 1 rr.m 1 1~ 1~hich remained 

constant for the next two hours ; afte r t he third hour , I:!P increased 

rapidly . Kerkman stated that udder 1nanipu l ations connected wi t h t eat cannu-

l a inserti on may resu l t in SOl'le milk ejection and , the refore, a hirh DIP 

readin .r- . melke (44) reported a s li ~h t rise in I:·!P within 40 to 120 seconds 

after teat cannul a insertion and a second rise when the udder was stimu-

l a ted further . Ki tts et al . ( 30), us in g e l ectronic recor<lin r, devices , 

measur ed I ~!P on t we 1 ve l actatin 11 co1vs .. These co1\'S p roduced be t 1..-een 20 and 
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75 pounds of milk per day . I IP i mmediat e l y after compl ete mi l king varied 

from 2 to 13 mm 11 ~ . Prior to t he next mi !kin~ and before udder stimula-

t ion , e1r varied f r om 9 t o 29 mm Hg . 

3. Changes during milking 

Zaks (95) reported that I MP decreased at t he onset of udder s tinula-

t ion . It was assuwed t hat t he decrease in pressure resulted f r om r e laxa-

tion of specific mammar y g l and tissues nrenarator y to r e ceivin g mi lk 

during milk ejection , 

!Vhittles tone (83) showed t hat fi r st- milk- eject ion or essures were 

between 30 and 40 mm Ilg . After t he milk was drained (via cannula) , 

additional massage and stimul at ion caused a second mi l k ejection associated 

with a small rise and fall in p r essure, The second or es sure increase was 

between 15 and 30 mm Hg , which was cons iderab l y l owe r than t he first . 

The increase i n I MP fo llowing milk ejection and a s ubsequent decrease 

in pressur e with milk r emoval have heen report ed by seve r a l workers ( 30 , 

63 , 71) . However , the changes in LIP that occur i n the bovine udde r 

durin g mechanical mi l king are not c l ear l y unders tood . 

Reports on mechanica l milkin g of t he excised bovi ne udder have shown 

the deve l opment of vacuum wi thin t he t eat and g l and s inuses after milk 

removal . Vacuum l evels within t he teat s i nus we r e eq ual to t hose of t he 

ni l k line and were as s umed t o res ult from an extension of the milk line 

vacuum (59 , 63) . Other workers foun d no conclus ive evidence for vacuum 

extension into t he udder since it was be lieved that t he t eat sphincter did 

not open excep t during nilk r emoval (4 1) . 
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In summary , the IMP ch an ees during mechanica l mi l kinP. have been re -

ported to have four characteristic nhases: ( 1) a decrease in p ressure 

due to r e l axation of the mammary g l and tissue , (2) an increase in pressur e 

(30 to 40 mm Hg) due t o t he first mi l k ejection , (3) a late r increase in 

pr essure (15 to 30 mm Hg) due to t he second mi l k ejection , and (4) in 

some ins tances a vacuum, similar to the vacuum within the inflation , after 

cessation of mi l k f l ow . 
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III. EXPERI~!ENT/\L PROCEDURES 

A. ~laterials and ~lethods 

1 . Exnerimental animals 

Ei ght Holstein cows , four in first l actation , three i n third lactation 

and one in the seventh l actation, were used for I:f!' studies durin g mechani -

cal mi l king . Eleven lactating Holstein cows varyin g in age , stage of 

l actation and production wer e us ed for I. IP studies between milking (Tab l e 1). 

Three l actating Holstein CO\·JS were used to study teat s phincter contractions . 

2 . Sur gical orocedures for catheterization of the teat and gland sinuses 

Two different cathete ri zat ion procedures were used to faci litate pres -

sure measurements f rom t he teat and p land sinuses . Surgical installation 

of catheters was conducted under general anesthesia. The first orocedur e 

consisted of t wo flan ged polyviny l 1 catheters (o . d . 0 . 080 inch, i . d . 0 . 054 

inch , Figure l a) which were surgically n l aced in the teat and gland sinuses . 

Placement was accomplished by carefully pass ing a needle (O .10 inch x 12 

inch) throuish the teat canal, teat sinus , gl and sinus , and then to t he 

ext e rior throu.C?h the wall of t he udder. After the catheter was oassed un-

war d through the needle , the l atter was r emoved throu!!h the wall of the 

udder. The cathete r was drawn into the udder until the flan ge cont acted 

the inner wall of the gland sinus (Fi gure 2). The catheter was anchored to 

the skin with nylon sut ure . 

l viny 1 ( ~Jedi cal grade) , Becton , Dickinson & Company , Rutherford , 
New Jersey . 
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In t he second p rocedure, a polyvinyl1 "insertion cannula" (o . d . 0 .375 

inch, i.d. 0 . 250 inch , Figur e ld) was nlaced through the l ateral wall of 

t he udder into the g land sinus . Placement of the "insertion cannula" was 

accomplished by p assing a large me t a l troca r and c annula (Figure le) t hrough 

the g land sinus wall. The trocar was r emoved and the "insertion cannula" 

was passed through the metal cannu.la; the latter was then removed . The 

"insertion cannula" was anchored to the subcut aneous fascia and skin with 

nylon suture . This cannula pe r mitted passage of po l yviny l recordin g 

catheters (o.d. 0 . 080 inch, i.d. 0 . 054 inch, Fi gure lb) into the teat and 

gland sinuses for recording . The recording catheters were "fixed" in a 

rubbe r stopper (Fi gure lb) and inserted as a unit through the "insertion 

cannula" (Fi gure 3). A rubber stopper was used to occ l ude t he cannula 

between recordings . Placement of the catheters was verified by r adiogr aphy 

or palpation. 

A modification of the insertion cannula \\·as adon ted in tl;e l att er 
-

experiments in which the cannula was made f ron gur.: rubber tuh in r,2 (o.d. 

0 .375 inch, i.d. 0.250 inch, Fi6ure 4a). Two rubber flan !!eS (di a . 1 inch) 

were vulcanized3 0 . 5 inch apart on rubber tubin <"; (o . d . 0 . 50 inch , i.d. 

0. 375 inch) to for 1:1 a "keener" (Fi gure 4b). Surp-ical p laceme nt of t he 

insertion cannul a was accomp lished in the fo llowing Planne r: an incision 

was made at the base of th e teat to a llow pass a p,e of a e l oved finger and a 

1Nal gon tub inf , Na l pe Co1:1pany , Inc. , Roches ter, Ne w York . 

2Rubber tubin g , Davol Rubber Company , Providence, Rhode Is l and . 

3Vulcanized in an oven at 140u C fo r 1 hour. 
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l ar ge need l e ( Fi gure 4c). The surgeon p robed the l a r ge colle cting duct s 

and passed the needle uy>ward throu i;h the large collecting duct and 

exteriorized the needle t hrough the wal l of the udder. The rubber inser-

tion cannula was attached to the needle and nulled into o lace . The 

"keeper" was p l aced over t he insertion cannula and anchored to t he skin 

with nylon suture (Fi gure 5). The rubber insertion cannu l a and keepe r 

were siliconizedl to reduce tissue reaction. 

Local and systemic antibiotics were adminis t ered for t h r ee days post-

operatively fo llowing major surgical procedur es as described above . 

Further intramammary inf usion with antibiotics 'l'Jas emri loyed when necessary . 

In four e xperiments t he t eat canal was occluded with a purse string 

suture (0 . 30 mm ny lon), 8 mm ahove the end of the t eat; this was accom-

plished under loca l anesthesia. Teat cana l li gation p r evented mi l k vacuum 

extension into the teat sinus. Thus , the effect of inf l a ti on coll apse and 

dilation upon teat sinus pressure coul d be evaluated . 

3 . Cannul ation p rocedure for continuous recording be tl'leen mi ! kings 

Cannulae 36 inches !On ,(! we r e made from polye thy l ene tubin g2 (o . d •• 067 

inch, i.d .• 047 inch) by forming a smal l retainer rin g one inch from the 

tip . The tip was sealed and several small holes were drilled near the 

tip . This cannula thus served as a teat cannula and a connecting tuhe to 

the p r essure transducer (f-i JrU re 6) . The cannulae were water f illed to p ro-

vide a hydraulic system f or n r essure meas urements . 

l s iliclad, Cl ay /\dams , Inc., New York 10, New York. 

2Intrarr.edic, Cl ay Adar.is, Inc., New York 10 , New York . 
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4 . 11.licroballoons for measurinR teat sphinct e r contractions 

Microballoons were made fror.i polye thylene tubing (o.d •• 048 inch , i. d • 

• 030 inch) by heatin g and carefully b l owin g t o form a s ma ll bubble in t he 

tubing . The balloons were then liquid filled and sealed at one end . A 

small flan ge was formed on t he seal ed end to hold the microballoons i n 

p l ace during recording . Insertion . of the microballoons was accomp lished 

by using small alli gator forceps. 

S. Recordinf systems and mi lkin~ e quipment 

Recording equipment consisted of a dire ct writin ~ recorder , 1 ~ressure 

transducers , 2 and a low leve l junction box. 3 Transducers 1-1ere placed at 

the same hei gh t as the base of the teats for recording fro:n intramar:imary 

catheters . Transducers were connected to the intramamrnary cathete rs and 

the milking machine by po l yviny l tub ing (o . d . 0 . 080 inch , i. d . 0 . 054 inch , 

length 48 inches) . A pneumat ic s ys tem (recordin p- site to transducers) was 

used in preference to a hydraulic system , the ~atter ~aused excessive 

reverberations , f or recordin g during mechanical milking . 

The dynamic resp onse ch ar acte ris tics of different size and length of 

po l yethy l ene tubing were determined with air and fluid- filled systems . The 

input wave for testing was from t h e pu l sator line of t he milkin g 1.1ach ine . 

The milking machine was onerated at SO cyclcs / r.1inute an d a oulsator ratio 

of 50 :50. 

l~·lode l 350 , Sanborn Cor.inany , l'!althar.1 , \las s ~chusetts . 

2: 1ode l 267 !3 , Sanb orn Car.many , \'!althar:t , '·!ass achuse tts . 

3s anborn Comn any . i\'altham, ~lassachusetts . 
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A magnetic f l oor t ype milking machine 1 (pulsator r atio SO : SO) equi pped 

with mol ded nar r ow bor e natural rubber infl ati ons2 \~as us ed t h r oughout 

t hi s s t udy excent for quarte r mi l king . A quar te r milk colle cting sys t e m3 

r ep l aced t he s tandar d railk collect ing sys t em durin ~ quarter nilking (Fi pure 

7) . The mi l king machine vacuum was maintained at 2SO , 312 , 400 or 500 mm 

Hg fo r different e xrieriments and it was measured f r on t he nuls a t or l i ne 

and mi l k l i ne ( Fi gure 2) . 

B. Res u l t s 

1. Dynamic r esponse ch arac t eris tics of pol yethy l ene t ub i n ,,. 

The dynamic r esponse char acte ris t ics of nolyet hy l e ne tubing t o an 

input wave we r e ne arly i dentical f or a ll s izes and len gt h s tudied ( F i~res 

8 and 9) . 

The rise t i ne varied wit h diffe r ent s ize s and l e n gt hs of tubing , but 

was not consis t ent with r espect t o tubing s ize or l en gth (Tab l e 2) . There 

were more r e ve r be r at ions noted i n t he flui d f i lle d s ys t em. The s ma lle r 

and lon f.e r t ub ing a~pe ared t o attenuate t hese r ever ber ati ons . 

2 . IMP chan ~es durin ~ me chanica l milk in rr 

a . Mi l ki n g machine vacuum maintained at 312 mm I l g Twenty- f our 

r e cordi ngs we r e ob t ai ne d f r om 12 diffe r ent qua r t e r s o f f i ve cows milked at 

312 r.u:i Ilg vacuum. All pr essures ar e reported as t he r nn ; e obser ved f r om 

l oeLava l Separ a t or Comnany , Pou;rhkecps i e , New Yor k . 

2os , DeLaval Sena r at or Comnany , Pou~hkeeps ie , New York . 

3quar t e r milking uni t des i gned by Or . . J . S . :-1cDona l d and bui l t at 
t he Nat iona l Anina! Di sease Lab orat or y , Anes , Iowa . 
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these 24 recordinfs . I MP prior to ~ilk l etdown were ne gli gi b le (O to 8 mm 

Ilg) . \Vashing the udder stimulated milk l e t down within 20 to 90 se conds 

and resulted in an increased pressure (3S to SS mm Hr) . Pressures l'li thin 

the gland and teat sinuses weTe similar when both contained r:iilk. The 

pressure decreased durin g milking; near t he end of mi l k flow a slight 

vacuum developed within the udder (.0 to 5 mm Hg) • 

When nilk flow ended , teat sinus vacuum abrupt l y increased to a maxi-

~um with each inflation dilution (216 to 312 mm Il g). A residual teat 

sinus vacuure (48 to 120 mm H~) persisted after inflation collanse (figure 

10 a , b) and could be varied by pulling down or pushing up on the teat cun 

(Figure 10 c). The vacuum within the g l and sinus (8 to 35 mlil Hg) resulted 

in a visible collapse of the sinus wall above the base of the teat. 

After mi l k removal the teat canal was li i:::ated . The teat cup was 

renlaced on the t eat and machine mi l kin g continued . Unde r these condi tions 

the followin g chan ges we r e noted ( figure 10 d) : (1) during normal teat 

CU? suspension , teat sinus vacuum pul sated from 0 to 200 mm Hg , (2) pushing 

up on the teat cup resulted in a positive pTessure of 30 mm H? afte r infla-

tion collapse, and (3) conversely , nulling clown on the teat cun r esul ted in 

a residual vacuum of 30 mm H~ . 

In repeated experiments simi l ar results \verc obtained with recording 

or flan ged intramammary catheters . 

b . lilkin g machine vacuum maintained at 2SO , 312, '100 and SOO mm !Ir. 

followin ~ the initial HI:> studies at 312 mm ll ;:_i; vacuum further ex::ierimenta-

tion was conducted at vacuums of 250 , 312, 400 , and 500 mr:t H ~ vacuum. The 

same general trends '"ere obse rved with the residual vacuum and neak vacuum 
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l eve l s varying i n accor dance wi t h t he vacuur.i applied . The ave r age values 

are sho\'m (Table 3) . 

3 . I lP chanr.es between milkings in t he c0\·1 

The PIP i mmediate l y afte r mi l kin g and t eat c annu l ation varied fror.i 

0 t o 15 mm Hg . Apparently nanipu l ati on and cannu l ation of t he t eats 

resulted i n partial r.tilk eject ion . The HIP coul d t hen be ad jus t ed to l ess 

t han 8 mm Hg by t he remov a l of 30 to 200 ml of mi l k via t he t eat cannu l a . 

The daily producti on of t he CO\vS in this s t udy ranged f rom 20 to 83 . 3 

pounds . The dat a showed a gradual i ncrease i n I'!P over t he entire r e cordin g 

peri od . An average of t he quarte r IMP for 12 hours i s shO\·m (Figure 11) . 

In 9 of 11 c ows the IMP di d not exceed 12 mm Hg 12 hours af t e r mi ! kin g •. 

Two cows showi n g t he hi ghest I. 4p had 13 to 18 and 10 t o 22 mm Hg at 

12 hours with a t ot al milk yield of 48.1 and 36 . 3 pounds , respe ctively 

(T ab l e 4) . The I MP showed t he greatest increase be t ween 10 and 12 hour s 

after milking . The cow that showed t he l rn·1est IMP had 6 to 8 mm Hg with a 

t o t a l pr oduction of 31. 9 pounds. Thus , t he I'1P recorded be t\~een mi ! kings 

was not entire l y dependen t on mi l k p roducti on as e videnced by t he vari ati on 

in milk p r oduction with out a pr oportiona l change in DIP . 

The r e l at ionship between quarter 111ilk product ion and H !P aft er udde r 

s timu l a ti on (washing) was varied (ri gu r e 12) . The corre l ation bet wee n 

q uarte r milk p r oducti on and P 1P aft er s timulation was as fo llows : 

Condition 

Tot a l - no correcti on for cow or quarte r 

Right f r ont quarte r 
Left f r ont quarte r 
Ri gh t r ear quart e r 
Left r ear quart e r 

Corre l a t i on 

0 . 585 

0 . 429 
0 . 246 
0 . 638 
0 . 730 
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4 . Teat contractions durin g continuous r-1P rccordin.c;s 

During the continuous r ecording of P~P bet\•1cen milkin gs teat contrac-

tions were evident in three of t he e l even cows. The number of teats con-

tracting varied from one to t hree on each cow with t he contractions per-

sisting t hroughout most of the recording period. An exaDp le of t he 

record during t eat contractions is . sho1\'n (Fi gure 13) . 

During udder stir.iu l aticn and prior to milk ejection a sharp decrease 

in HIP 1~as note d in two cows . This period of udder r elaxation persis t ed 

f() r a very short time and was followed by nornal r.1i l k ejection (Figure 14) . 

S . Teat s phincter c ontractions 

During one experiment the milking maci·dne \·ms stopped , but t he t eat 

cups 1-JCre l eft on the te a ts to observe the t eat and ~.l and sinus vacuum as 

it p-r adually returned to zero . Durin::; t he slo·, de cline i n vacuum , s mall 

?eriodic ch anges were noted in the teat sinus vacuun! . One wou l <l suppose 

a t ea t sphincte r contraction as a possib le mechanism _for t he alte red vacuum 

chan ges . This cm·1 which possib l y s h m,·ed t eat s phincter c ontracti ons also 

exh i bi tecl estrus on the day of rccordin r; I!'-'P ch<tn f'.CS durin g r;:il kinf . 

Subsequently , t ea t sphincter contractioils 1·1er~ r e cor<lcd in t :lC bovine 

Jurin p, the estrus }.1eri oJ and 1·1ith i.n 3u hours follm..;in ~ <licthy l s tilbes terol 

adr1inis tration (75 mg , i r.i). These contractio ns did not occur durinz t he 

anestrous period . Si r.1ultaneous c l c ctroMyor,rams w0re a l so obtained f r Oir. 

t he t eat s phincter area (r:i ;~ure 15) . 

The r ecor<lings shO\·:ed t he occurrence of a rhrtlm ic contraction of t he 

t e at sphincte r eve ry 15 t o 40 se conds <lurinp its active nh ase . Pressure 
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of contractions varied from 10 t o 30 mm Hg . Spontaneous t ea t sphincte r 

contractions occurred afte r an exte rn a l s timu l us ( l oud noise , person 

en t e ring t he r oom) during the active phase . Ep i nephrine (iv) by infusion 

abo l ished the t eat sphi ncter contractions for 13 minutes (Fi hure 16) . 

Thereafter, t he contracti ons s l ow l y returned to t hei r p r e vious rate . 

C. Di scussion 

1. Dynamic r esponse characte ristics of recording sys tem 

The dynamic r esponse characteristics of polye thy lene tubing in t he 

sys t em t es t ed and utili zed in t h i s seri es of expe riments show that tubing 

48 inches l ong with an ins i de diameter of 0 . 034 inch wou l d r eproduce t he 

expe rimental events satisfactorily . The r e was minimal "YJavefor m distortion 

with tub ing 2 inches and 48 inches long and 0 . 115 inch and 0 . 034 inch 

inside di ame t e r . The f l uid filled sys t em presented excessive reverber a-

tions wi t h the l onge r l en gt hs of tubing t es t ed . 

The r i se t i me varied by 38 msec , but was not dependent on tubing 

size or l eng t h bu t varied according to the vari ability of t he pul se genera-

t or (pu l sat or) . The fastest rise time r ecorded was 12 . 8 msec (Table 2) . 

The r ise t ime of t he recor de r galvanomet e r and drive r amp li fie r was 5 mse c; 1 

thus t he hi gh frequency r esponse of the r e corde r was adequate t o rep r oduce 

t he event . From t hese da t a a maximum tubin g l ength of 48 inches with an 

inte rnal diameter of . 047 inch or l ar ge r was se l ec t ed fo r recording t he 

hi ghest f r equency events . 

! specifications , Sanborn Company , lfaltham, Massachusetts . 
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2 . HlP changes durin g mechanical mi l king 

a . ~lilking machine vacuum maintained at 312 mm Hr, I MP were l ow 

prior to milk letdown . These p ressures were measured from cows with 

ind1ve lling flanged catheters or r ecording catheters l eft in the udder 

between mi l kings . This permitted IMP measurements before teat and udder 

man i pulations and subsequent milk letdown . Therefore , i ntrama.mmary 

oress ures of 0 to 8 mm Hg may be more indicative of t he p ressure p rior to 

udder stimulation and milk letdown t han a.1 average of 20 to 30 mm Hg 

usually reported (30 , 31, 75) . The decline in HlP during mi !king was 

similar to t hat observed by ;lfhittlestone (83). 

After milk flow ceased , r e cords of pulsator and teat sinus vacuum 

changes were simi l ar , although the vacuum l evel was usually l ess within 

the teat sinus. One might assume th at t he v acuur.i changes within the t eat 

sinus, corresoonding t o the pulsator line va cuum changes , were due to 

extension of milk line vacuum t h rough t he t eat canal when the inf lntion 
-

was expanded . Ho11•ever, this is only one factor in te:it sinus vacuum 

chan ges . After milk removal ancl ligation of the teat can a l , p ressure 

changes within the te at sinus were different from those seen with a patent 

teat canal. The followin g differences were noted : (1) durin r, routine 

t eat cup suspension , the vacuum chan r.:e Ni th each pulsation 1.,r as not as gr eat ; 

(2) vacuum returned to zero with each pu l sat ion (2_ .~_., no residua l vacuum 

remained) ; (3) decreased tension (pushing upward) on the teat cup resulted 

in a positive p ressure after inflation collapse ; nnd (4) increased tens ion 

(pulling down) on the t e at cup res ulted in a residual vacuum in the 

teat sinus . 
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These results indicate that vacuum chan ges within t he t eat sinus during 

mechanical milking result f r om t wo factors: (1) dilation and collapse of 

the teat sinus and inflation concomitantly , and (2) ext ension of milk line 

vacuum t hrough the t eat canal into the t eat sinus during inf l ation dilation . 

The author be lie ves t hat t he gland sinus does not exhib it mar ked vacuum 

changes because of annu l ar ring clos ure at the end of mi l k flow . 

Increased r esidual vacuum caused by incre asing t he tension on t he 

t eat cup during machine s tripping may r esult in greater te at damage . 

Pe t erson 1 (62) observed extensive mucosa! hemorrhages in t he teat sinus of 

mos t tea ts when t hey were subjected to p rolonged .machine stripping with 

increased tension on t he teat cups. Little injury was noted from prolon ged 

machine strippin g i f t he t eat cups were pushed upward . Ext e nsive mucosa! 

hemorrhages we re p r obab l y due to an increased residua l and tota l vacuum 

within t he t eat sinus caused by increasing t he t ens i on on t he teat cup as 

we ll as overrnilking . 

Res i dua l te at sinus vacuum may be r e lie ved after t eat cup r emoval 

t hrough equilibration with t he gl and s inus or t hrough t he t eat can a l. 

Vacuum may be partially r e lieved when t he we i ght of the cluster i s r emoved 

from the te at and the tissues r e turn to t heir norma l pos ition . I f t he 

vacuum is relieved via t he teat canal, t he poss i bility exists for aspi r a -

tion of microorganisms into t he t eat s inus . Many fac t ors account for t he 

introducti on of microorganis ms into t he bovine mammary gl an d via the teat 

1Peterson , K. J . , Dep art ment of Ve t erinary 1edicine , Or e gon Agr . Exp . 
Station, Corvallis , Ore gon . Udder injury associated with overmi l king . 
Private communication . 1964. 
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canal. Vacuum created within the udder by t he milkin g machine , when 

coup led with other factors , may be quite i mportant in the deve l opment of 

udde r infections . 

These studies are in a greement with the observations of Pe t ersen (59) 

an<l Pier et ~· (6 3) in re gard t o HIP chan ges in t he bovine udder during 

mechanical mi ! king . In addition, from our observations t he foll owing con-

clusions are made : (1) after t he end of milk flow , r esidual vacuum 

deve lops within •t he t eat sinus and remains after inflation collapse; (2) a 

s l i gh t residual va cuum deve l ops within the gl and s inus at t he end of milk 

flow; an d (3) p r essure changes within the teat sinus are apparently due 

t o inflation action upon the t eat and extension of milk line vacuum through 

t he t eat canal. 

b. ~lilking machine vacuum maintained at 250 , 3 12 , 400 and 500 mm Hg 

After estab lish ing a characteristic profi l e of HlP changes a t 312 mm Hg , 

various milkin g machine v acuum l e ve l s were studied with respe ct to the 

criteria p r evious l y estab lished . The mos t s triking difference noted was 

t he increase in r es i dual vacuum an d peak v acuum within the t eat sinus when 

t he mi l king machine vacuum was incrcnsed. There appear s to be an increased 

incidence of udde r infe ctions when t he hi&her milking ma chine vacuums ar c 

used r outine l y for milkin g (48, 49) . One may th e orize more ext ensive 

udde r injury in the l a tter case . 

3 . I'W between milkings in t he cow 

The I MP varied cons iderably aft e r the t eat cannulae were inse rted into 

t he t eat s fo ll o1·ting milking. \•lhile consi derab l e care was exe rcis ed in 
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cor.ip lete milking the H IP probab l y varied because of partial milk ejection 

associated wi th teat cannulation. 

One should r ecall the HIP of 0 to 8 mm Hg prior t o udder stimulation 

observed when t eat sinus catheter s were le f t in p l ace . In this case no 

udder manipulation was necessary to connect to t he recordin g sys tem. 

Korkman (31) and Kitts et ~· (30) have made re fe rence to the partial 

mi lk ejection noted with teat cannulation procedures using a single channel 

recording device . The author e lected to use a continuous recording sys -

tem, 2:.·!·, a four-channel recording instrument and immediate teat cannula-

tion after milking to avoid the prob l em p reviously encountered, viz , 

parti a l mi l k ejection during the recording period. The data from the I MP 

studies be t ween milkings show a slow rise in HIP up to s i x hours and the 

greates t rise at 10 to 12 hours afte r mi l king . Howe ver, IMP difference did 

not exceed 12 mm Hg , 2:.·!· , from initial IMP a t t he s tart of r ecording 

period to the end of the r e cording period . Some investi gators have adjusted 

t he pressure transduce r hei ght to bal ance the initial I.1P t o zero . Howeve r, 

in our e xperiment an I MP of l es s th an 8 mm Ilg was arbi trarily selected as 

a s t arting point. 

Two cows \'lhich had Ir!P measurements between mi !kin gs with out udder 

s timulati on were r epeat ed b ut with periodic udde r stimulation ( 20 sec 

massage eve r y 2 hours) . In t his series of experiments the 20- sec massage 

caused a 3 to 5 mm Ilg increase i n PIP within 2 minutes f r om t he s i xt h hour 

to the end of the recordin g period . The L1P decreased s li ghtly followin g 

partial milk ejection . The ent i re response to s timu l ation of t he udder and 

corresponding ris e in I ' IP appeared as a s teo funct ion increase of the l atter . 
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IMP at the end of t he r ecor ding period was f oun<l to be comparable to 

previous findings in this l aboratory . The author believes t hat in most 

studies of simi l ar nature that repeated teat cannulation resulted in mi lk 

ejection during the recording period . Thus, t he I'..i!P reported \vere higher 

t han those observed in this study . 

I t is interesting to note that _without udder stimulation and partial 

milk ejection between milkings t he difference of change of I~W for a 

given period is usual l y nearly constant. Another important point , seldom 

referred t o , is that the cisternal milk may be very sr.all in quantity 

prior to CTilk ejection a t milking time . Thus , the au t hor be lieves that 

t he BIP measured in t he teat sinus does not reflect t he p r essures developed 

in the a l veoli and small collecting ducts of the udder , but rather it re -

flects a de gr ee of fillin g of t he udder. Rer:Jember that a stimul us of 

short duration during the first S or 6 hours followin g mi l king causes 

little or no change in DiP as measured in t he teat sinus. However, after 

that ti me one wi ll notice a small increase in IMP with- an udde r stimulation 

of short duration . Therefore , after S or 6 hours of milk secretion t he 

a lveo li and small collecting ducts are fi lled and be gin to expand with 

continued mi l k secretion and impinge upon the· free space of the teat and 

gl and sinuses an d the larger collecting ducts . In this case the cisternal 

pressures wi ll increase without a corresponding ch~rnge in the volume of 

milk contained therein . 

The r apid decrease in I~!P during udder washin g which was noted in two 

cows is similar to the pheno1;1enon noted by Zaks (95) . ile states that there 

may be a ref lex relaxation of the udder in pre!)aration for the l arge volume 



36 

of milk which follows milk e j ection . Pe rhaps this phenomenon occurs 

r out ine l y to some ext ent but is masked by the milk ejecti on reflex. 

The corre l ation between quarter r:.!P after mi l k ejection and quarter 

n.i l k p roduction was rather l ow . The corre l at ion be tween production and 

r ;1P may be low be cause of t he indefini te boundaries of udde r cap aci t y . 

These indefinite boundaries a re vari ab l e storage space , tissue elasticity 

and pe rhaps contracti l e element s of t he udder . The correlation of H1P 

to production was higher for t he r ear quarters due to t he r ear l i mbs 

being a p artial but definite boundar y on t heir r espective quarte r s . The 

nur.ibe r of data is rather low to be of any statis·tica l s i gnificance . 

4. Te at and t eat sph incte r contractions 

Rhy t hmic contractions of t he smooth musc le of t he r eproducti ve system 

has been observed , ! ·Ji·, fal l opi an tubes , uterus and vas def e r ens . Recent 

r esearch has sho1vn a rhythmicity of t he teat wall of t he bovine (5 8) . The 

origin of t hese contractions mar be r.iy ogenic or neurogenic . 

Re gard l ess of ori gin , t he p r esence of smooth mus c l e cont r ac t i ons 

within t he teat wall or teat sphincter appears to be an interes ting and 

sure l y i mportant phys iol ogica l event . 

a . Teat contra ctions during continuous I IY recordin gs In our 

e xperiments it was in t eresting to note t hat the t eat contracti ons were of 

r andom nature and di d not occur in all te a t s . No corre l a t i on of contrac-

t ions was not ed with res pect t o ri gh t and left or front and r ear teats . In 

two of the t hree cows , t eat s which did not c xhi b i t contractions we r e p r e -

vious l y infe cted . On l y one of t he t hree cows showing tea t contractions Has 
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chronolol!ically near normal estrus . Thus , from kn01m facts , the teat con-

tractions appear to be of random nature . The physiological Sif,Tlificance 

of these teat contractions remajns obscure . 

b . Rhythmic contractions of the te at snhincter The t eat sphincter 

contractions observed were definitely influenced by the hormonal nature 

associated wi th the es trus cycle . 

These contractions appear to be of a rhythmic nature but influenced 

by t he central ne rvous system. This was noted when an external stir.iulus 

caused an immediate teat sphincter contraction . Infus ion of epine~hrine 

or oxytocin abolished the teat sphincter contractions temporarily . One 

migh t have ex1'ected oxytocin to enhance the contractions as seen in t he 

myome trium. Since parasympathomi metic or symoathomimetic drugs seem to 

aholish t he contractions and there is evidence of CNS influence on t he 

contractions, one might assume an intri guing and complex contro l involved . 

This phenomenon of teat sp~1incter contractions should be studied more 

extensively. 
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I V. SU~U11ARY 

Surgi cal techniques have been deve l oped for the p l acement of catheter s 

t o measur e and r ecord I IP during mechanica l milking in t he live , intact cow. 

Si multaneous pr ess ure r ecordings were made f r om the teat sinus , gl and s i nus , 

mi l k line and pulsator line during mech anica l milkin g. Data fro~ 24 r e -

c ordings on 12 diffe r en t quarters of five cows with a milking mach ine 

vacuum of 312 mm Hg (12. S inches) were evaluated . Further evaluations we r e 

conducted with 2SO , 312 , 400 and SOO mm Hg milking mach ine vacuum. 

I MP was l ow before udde r stimulation (0 to 8 mm Hg) i n t he initial 

studies . HIP in e l even cows between mi lkings was compar ative l y low in t he 

absence of udder stimulation . Within 20 t o 90 seconds afte r udder s timula-

tion, intramamrnary press ure increased to 3S t o SS mm Hg . Pressur es within 

t he g l and and teat sinuses were s i milar when b oth containe d milk . 

Aft e r the end of milk f l ow , t he pu l satin g t eat sinus vacuum i ncreased 

to a maxi mum wi th each i nflation dil ation . \'lhen t he rubber inflation 

co ll apsed against the t eat , a res i dua l teat s inus vacuum r emained. Ligation 

of the t eat cana l ab olished t he residual vacuum seen durin g routine 

machine mi l kin g. 

Teat contractions were observed during continuous r ecording of IMP 

be tween milk in gs . Teat sphincte r contractions were observed durin~ estrus 

of the cow . The comp l exi t y of the ori gin and si gnificance of t he t eat 

s phincter contractions have not been eluci dated. 
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VI I. APPENDIX A. FIGURES 



Fi gure 1. Intramammary catheters , cannulae, and trocar 

(A) Flanged intramammary catheter 

(B) Recording catheters and rubbe r stoppe r 

(C) Trocar and me tal cannula 

(D) Polyvinyl insertion cannula 

Fi gure 2 . Flange d cathe t e rs within t he udder and r ecording s ites 
in t he milk line (M.L.) and p ulsator line ( P. L.) 
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Figure 3. Insert ion cannul a and recording cat he t e rs withi n t he udder 

Fi gure 4. Rubber insertion cannula , keeper and needl e 

(A) Rubber inser tion cannul a 

(B) Rubber keepe r 

(C) Cannul a inse rtin g need le 

[Scal e -- 1 inch = 3 inches ] 
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Figure 5. Rubber insertion cannulae pl aced in the udde r 

Fi gure 6 . A view showing t he teats cannul at ed for continuous 
intramammary pr essure r ecor dings 
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Figure 7. Quarter milking sys t em used for quarte r milking; A and C 
from front quarters , B and D from rear quarters 
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Figure 8 . Response characteristics of different size and length of 
polyethylene tubing (fluid fil l ed) 
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Figure 9 . Response characteristics of di fferent size and l engt h of 
polyethylene tubing (air fi lled) 



60 

SIZE AND LENGTH POl_YETHLYENE TUBING 

2" 

...::::=- :-=-:::-...==.::..-:=-· - _ _._ -- ,_ 
.047" . - -· -- ---.- - ~-- -1 -- t- - - -· . - -~.,...._ . -· - .. t. . ·-
L~=:. · -c 

er ~ ~:~i- ~ :_ -~~=5 
~ .066" . - , -: <~~:~:~~ 
~ 1....__-::-:::.::1..::::; 
<( 

0 
w 
0 

~ .085" 

. 115 11 

-- -. !. -

L 

l'----1 . .: --i : 
\ - . .. 

I I ; - t ~ 

l.__: ~ 

24" 

1:-:-.. - .. - - -
- · -~ -· - 1 

- ~ · :· 1..... 

48" 

~:..-~ 
-'~·-· '--"---- ~I. -
:::=:::::: .. ::-:-:-----...---=.=~ 
~- - - -··· . --
1- t --- ·- -· -...I - • - • -· 

- I · :-::-i:..:: 
I I :: : :__ \ .: 
~ --- "---

----' - .. ·1 L... .. I - . -
::: .: ....__ . - \...... 



Fi gure 10 . Recordings of t ypica l pressur e ch anges durin g mechanica l 
mi l king 

(A) Sequence of p ressure changes during r outine milking 

( B) Expanded segment of t he t eat sinus p r essure at t he end 
of milk flow 

(C) Pressure changes within the t eat sinus as a result of 
t eat cup manipulation (pat ent t eat cana l) 

( D) Pressure changes within the teat s inus as a r esu lt of 
t eat cup manipulation (ligated t eat cannl) 
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Figur e 11. Average quarter intramammary p ressures be t ween ir.ilkings i n 
11 c ows 

Figure 12 . Re l a tionshi p of quarte r mi l k production and intramar.1mary 
_ pressure aft e r s timu l ati on 
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Figure 13. Teat contractions on two cows recorded during intramammar y 
pressure studies between milkings 

(A) Righ t front quarter 

(B) Righ t re ar quarte r 

(C) Left fron t quar te r 

(D) Left rear quart er 
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Fi gure 14 . Decreased intramaromary pr essure and teat contractions 
associated with udder washing and subsequent milk ejection 

Fi gure 15 . Teat sph incter contractions and s i multaneous_ e l ect.romyogram 
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fi gure 16 . Teat s phincter contractions abolished following iv injection 
of epinephrine into the jugul ar vein 
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VIII. APPE DI X B. TAB LES 
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Table 1. Age , l actation , an d p r oduction of cm~s use d in U!P studies 
between mi l kings 

Lact ation Production 

Cow Age (y r s) Numbe r Month (Daily l b) 

4819 5 3 5 34. 2 

4826 5 3 4 55.0 

4833 5 3 5 48 . 0 

4928 4 3 1 60 . 7 

4929 4 3 2 61.5 

4932 4 3 2 83 . 3 

4939 4 3 6 63. l 

4950 4 3 l 62 . 9 

5076 3 2 2 64 . 1 

5353 3 2 5 25 . 1 

5352 3 2 5 20 . 0 
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Tab l e 2 . Rise time (msec) for dynamic r esponse of p olye t hy l ene 
t ub ing 

Lengt h of tubing 

Tubi n g (i. d . ) 2 i n 24 in 48 i n 
Size (inch) Air Fluid /\ir Fluid Ai r 

. 034 16 . 0 12. 8 30 . 4 24 . 0 28. 8 

. 047 24. 0 16 . 0 17. 6 20 . 8 22. 4 

. 066 19 . 2 24 . 0 17. 6 16 . 0 16 . 0 

. 085 35 . 2 25 . 6 25 . 6 22 . 4 35 . 2 

.115 32 . 0 32 . 0 26 . 7 17. 6 41. 6 

Flui d 

14 . 4 

14 . 4 

22 . 4 

16 . 0 

16 . 0 
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Table 3 . Aver age t eat sinus vacuum ( mm iig) deve l oped at diffe r ent 
mi l king machine vacuums (mm Hg) 

Teat s i nus 
Milking machine 

vacuum Res i dua.l vacuum Peak vacuum 

250 70 165 

312 90 265 

400 125 330 

500 365 455 
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Tab l e 4. Intrarnammary p r essures and quart er milk p r oduction in two C O\'JS 

shmvin g the hi ghest intramammary pressures 

Intramammary pr essure ( mm Ilg) 

Cow #4932 Cow #5076 

Initial 

1 hour 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Production 
(lbs) 

R. F. 

5 

4 

5 

5 

5 

6 

6 

7 

8 

9 

12 

14 

18 

8. 3 

R. R. L. F. 

6 5 

5 5 

6 4 

6 5 

7 5 

6 5 

5 4 

5 4 

7 6 

8 8 

10 9 

13 11 

17 13 

15.4 10. 4 

L. R. R. F. R. R. L. F. L. R. 

6 7 5 2 4 

6 7 4 1 3 

6 7 4 1 3 

7 6 4 1 4 

8 9 5 2 6 

8 9 5 3 6 

9 9 5 5 6 

s 9 7 5 6 

7 11 7 4 7 

8 12 9 6 8 

10 16 13 8 10 

15 17 14 9 11 

18 22 17 10 12 

14. 0 8 . 9 9 .7 8. 7 9 . 0 




