
Fluid Shifts and Renal FunctionFluid Shifts and Renal Function

in Neonatal Foalsin Neonatal Foals



Edema FormationEdema Formation

 Oncotic pressureOncotic pressure –– hypoproteinemiahypoproteinemia

 BP/precapillary tone disharmonyBP/precapillary tone disharmony

 Venous pressureVenous pressure

 GFR/fluid intake balanceGFR/fluid intake balance

 Sodium balanceSodium balance

 SepsisSepsis –– direct and indirect factorsdirect and indirect factors

 Interstitial tone/complianceInterstitial tone/compliance



Fluid Balance In the FetusFluid Balance In the Fetus



Determinants of ECF distributionDeterminants of ECF distribution
Intravascular : InterstitialIntravascular : Interstitial

InterstitialIntravascular

Cap filtration

Lymph return Capillary filtration

Lymph flow rates

Rates of fluid movement
Fetal capillary endothelial barrierFetal capillary endothelial barrier
Lack of precapillary toneLack of precapillary tone
Plasma volumePlasma volume negneg related to BPrelated to BP



Fetal Fluid BalanceFetal Fluid Balance
Transcapillary Fluid ShiftsTranscapillary Fluid Shifts

 Filtration coefficient body capillaries 5X adultFiltration coefficient body capillaries 5X adult

 Filtration of plasma proteins 15X adultFiltration of plasma proteins 15X adult

 Interstitial compliance 10X adultInterstitial compliance 10X adult

 Filtration coefficient fetal body 100X placentaFiltration coefficient fetal body 100X placenta

 Body transcapillary fluid movementsBody transcapillary fluid movements

 Dominant on shortDominant on short--termterm

 Transplacental shiftsTransplacental shifts

 More important longMore important long--termterm



Fetal Fluid BalanceFetal Fluid Balance
Transcapillary ShiftsTranscapillary Shifts -- Blood LossBlood Loss

Acute hemorrhageAcute hemorrhage

55--25%25% -- 5 min or 30%5 min or 30% -- 2 hrs2 hrs

 5050--60% loss volume replaced in 30 min60% loss volume replaced in 30 min

 2X to 3X volume replaced by adult2X to 3X volume replaced by adult

 Blood volume returns to normalBlood volume returns to normal

 FetusFetus -- within 3within 3--4 hrs of the end of the bleed4 hrs of the end of the bleed

 Adult requires 24Adult requires 24--48 hours48 hours

 Translocation fluid and proteinTranslocation fluid and protein

 From fetal interstitial spaceFrom fetal interstitial space



Fetal Fluid BalanceFetal Fluid Balance
Lymph FlowLymph Flow



Fetal Fluid BalanceFetal Fluid Balance
Lymph Fluid ShiftsLymph Fluid Shifts

 Lymph flowLymph flow
maintainsmaintains
interstitial volumeinterstitial volume

 With large volumeWith large volume
intravenousintravenous
infusioninfusion

 ↑↑↑↑ Lymph flow asLymph flow as

much as 340%much as 340%

 Limited by CVPLimited by CVP



Fetus, birth, neonateFetus, birth, neonate

Fluid Balance ChangesFluid Balance Changes



Perinatal Fluid ShiftsPerinatal Fluid Shifts
Plasma LossPlasma Loss -- Increase BPIncrease BP

 Days before delivery (fetal sheep)Days before delivery (fetal sheep)
 Increased arterial pressureIncreased arterial pressure

 Results in increase capillary pressureResults in increase capillary pressure

 Plasma volume shift to interstitiumPlasma volume shift to interstitium

 During laborDuring labor
 Increased vasoactive hormonesIncreased vasoactive hormones

 Vasopressin, norepinephrine, cortisolVasopressin, norepinephrine, cortisol

 Plasma volume shift to interstitiumPlasma volume shift to interstitium



Perinatal Fluid ShiftsPerinatal Fluid Shifts
Hypoxia Associated Plasma LossHypoxia Associated Plasma Loss

 Mild hypoxiaMild hypoxia

 Loss of plasma volume into interstitiumLoss of plasma volume into interstitium

 Severe hypoxiaSevere hypoxia

 Greater shift in plasma volumeGreater shift in plasma volume

 Associated withAssociated with ↑↑ arterial/venousarterial/venous

pressurepressure

 Causes increased capillary leakCauses increased capillary leak



Perinatal Fluid ShiftsPerinatal Fluid Shifts
Adaptive AdvantagesAdaptive Advantages

 Rapid recovery from acute hemorrhageRapid recovery from acute hemorrhage

 More blood loss is required before BPMore blood loss is required before BP↓↓

 Rapid mobilization of interstitial fluidRapid mobilization of interstitial fluid

 Blood volume restoredBlood volume restored

 1/10 the time of adult1/10 the time of adult

 Protect against neonatal hemorrhageProtect against neonatal hemorrhage

 Persist for the first week of lifePersist for the first week of life

 Same mechanism protects against hypovolemiaSame mechanism protects against hypovolemia



Effect ofEffect of
BloodBlood

PressurePressure



Normal Term BabyNormal Term Baby
Blood PressureBlood Pressure

Human Neonate – sleeping



Implications for InterventionImplications for Intervention

 Fetal existence depends on low systemic BPFetal existence depends on low systemic BP

 NeonateNeonate
 Also has a low pressure vascular systemAlso has a low pressure vascular system

 Important in maintaining plasma volumeImportant in maintaining plasma volume



Implications for InterventionImplications for Intervention
 Neonate is in a transitional state for BPNeonate is in a transitional state for BP

 Precapillary tone is the keyPrecapillary tone is the key

 Once establishedOnce established

 Systemic BP not transmitted to capillarySystemic BP not transmitted to capillary

 Increase in peripheral resistanceIncrease in peripheral resistance

 Increase in baroreceptor set pointIncrease in baroreceptor set point

 Increase in resting BPIncrease in resting BP

 Maturation of precapillary toneMaturation of precapillary tone

 Occurs regionallyOccurs regionally

 Not globallyNot globally

 Attempts to increase pressureAttempts to increase pressure

 Before the transitionBefore the transition

 May decrease intravascular fluid volumeMay decrease intravascular fluid volume

 Cause protein leakCause protein leak



Implications for InterventionImplications for Intervention

 Method used to raise BP may be importantMethod used to raise BP may be important

 Fluid loading transmitted to the capillariesFluid loading transmitted to the capillaries

 Adrenergics ?Adrenergics ?

 May depend on drugMay depend on drug

 NeonateNeonate’’s receptor maturations receptor maturation

 Complex physiologic responsesComplex physiologic responses

 Lymph FlowLymph Flow

 Slowed by increased central venous pressureSlowed by increased central venous pressure

 May occur with high fluid infusion ratesMay occur with high fluid infusion rates

 Advantage of periodic bolusesAdvantage of periodic boluses



Fluid ShiftsFluid Shifts
Volume LoadingVolume Loading

 AdultAdult
 Volume load excreted via kidneys within hoursVolume load excreted via kidneys within hours

 NeonateNeonate
 Low intravascular retentionLow intravascular retention

 Little change in vasopressin or rennin levelsLittle change in vasopressin or rennin levels

 Atrial natriuretic factor only transient increaseAtrial natriuretic factor only transient increase

 Urine flow only very transiently increasesUrine flow only very transiently increases

 Retained fluid load long termRetained fluid load long term

 Not handle fluid loads wellNot handle fluid loads well

 Once fluid overloadedOnce fluid overloaded
 Prolonged retentionProlonged retention



Edema FormationEdema Formation

 BPBP -- precapillary tone disharmonyprecapillary tone disharmony

 Lack precapillary toneLack precapillary tone

 Fluids rapidly redistribute to interstitiumFluids rapidly redistribute to interstitium

 BP increases before tone developsBP increases before tone develops

 Fluid loadingFluid loading

 Increased adrenergic toneIncreased adrenergic tone

 Pharmacologic adrenergic effectPharmacologic adrenergic effect



Edema FormationEdema Formation

 Venous pressureVenous pressure

 Impede lymphatic returnImpede lymphatic return

 Can be secondary to intravenous fluidsCan be secondary to intravenous fluids

 Pausing fluids after a bolusPausing fluids after a bolus –– second bolussecond bolus

 CRICRI –– constant interferenceconstant interference



Edema FormationEdema Formation

 Venous pressureVenous pressure

 Adrenergic toneAdrenergic tone –– stress/sepsisstress/sepsis

 Venous system stores 70% blood volumeVenous system stores 70% blood volume

 Most in splanchnic / skinMost in splanchnic / skin –– side stream of circulationside stream of circulation

 Splanchnic 25% of CO, 20% blood volumeSplanchnic 25% of CO, 20% blood volume

 ““StressedStressed”” && ““unstressedunstressed”” volumevolume

 Increased adrenergic toneIncreased adrenergic tone

 Will mobilize the reserve volumeWill mobilize the reserve volume

 Respond to low level of stimulationRespond to low level of stimulation

 Increased simulationIncreased simulation –– increase SVRincrease SVR

 Septic mediators do the oppositeSeptic mediators do the opposite

 Increased unstressed volumeIncreased unstressed volume



Edema FormationEdema Formation

 GFR/fluid intake balanceGFR/fluid intake balance
 Fluid overloadFluid overload

 Cr = 120Cr = 120 µµmol/l (1.4 mg/dl)mol/l (1.4 mg/dl) -- low GFRlow GFR
 Real baseline Cr = 60Real baseline Cr = 60 µµmol/l (0.7 mg/dl)mol/l (0.7 mg/dl)

 Sodium balanceSodium balance
 Neonate conserves NaNeonate conserves Na

 Iatrogenic Na overload from fluid therapyIatrogenic Na overload from fluid therapy
 Na containing fluids/plasmaNa containing fluids/plasma

 Nursing foal 1.9 meq/kg/dayNursing foal 1.9 meq/kg/day

 Fluid therapyFluid therapy –– 66 –– 10 meq/kg/day10 meq/kg/day



Edema FormationEdema Formation

 SepsisSepsis
 Increased adrenergic toneIncreased adrenergic tone

 Increase venous tone = edemaIncrease venous tone = edema

 Increase BP = edemaIncrease BP = edema

 Increased unstressed volumeIncreased unstressed volume –– venous poolingvenous pooling

 Loss of precapillary toneLoss of precapillary tone

 Endothelial damageEndothelial damage –– septic shockseptic shock

 Interstitial tone/complianceInterstitial tone/compliance
 Neonate compliance 10X adultNeonate compliance 10X adult

 Complex controlComplex control
 Lymphatic motilityLymphatic motility –– pumpingpumping

 Contractile fibersContractile fibers –– vary compliancevary compliance

 Adrenergic toneAdrenergic tone –– change characteristicschange characteristics



Edema FormationEdema Formation

 Oncotic pressureOncotic pressure –– hypoproteinemiahypoproteinemia

 BP/precapillary tone disharmonyBP/precapillary tone disharmony

 Venous pressureVenous pressure

 GFR/fluid intake balanceGFR/fluid intake balance

 Sodium balanceSodium balance

 SepsisSepsis –– direct and indirect factorsdirect and indirect factors

 Interstitial tone/complianceInterstitial tone/compliance





Renal FunctionRenal Function

in Neonatal Foalsin Neonatal Foals



FetalFetal--Neonatal TransitionNeonatal Transition

 Fetal kidneysFetal kidneys -- 3% CO3% CO
 High renal vascular resistanceHigh renal vascular resistance

 Low GFRLow GFR

 Newborn about 15% (lambs)Newborn about 15% (lambs)
 At moment of birth immediate increase renal blood flowAt moment of birth immediate increase renal blood flow

 86% decrease renal vascular resistance (piglets)86% decrease renal vascular resistance (piglets)

 Redistribution from the inner cortex to outer superficial cortexRedistribution from the inner cortex to outer superficial cortex

 Weeks after birthWeeks after birth
 Rise in arterial blood pressureRise in arterial blood pressure

 Less importantLess important

 Further decrease in vascular resistanceFurther decrease in vascular resistance

 Both anatomic and vasoactive effectBoth anatomic and vasoactive effect



FetalFetal--Neonatal TransitionNeonatal Transition
Renal HemodynamicsRenal Hemodynamics

 Vasoconstrictors and vasodilatorsVasoconstrictors and vasodilators

 Balance produces renal vascular resistanceBalance produces renal vascular resistance

 Differ from adultsDiffer from adults

 Different effectsDifferent effects

 Different intrarenal levelsDifferent intrarenal levels

 Different sites of actionDifferent sites of action

 Balance major determinate of GFRBalance major determinate of GFR



Renal HemodynamicsRenal Hemodynamics
SummarySummary

 Increase renal vascular resistanceIncrease renal vascular resistance
 Angiotensin IIAngiotensin II

 Adrenergic toneAdrenergic tone
(circulating/innervation)(circulating/innervation)

 Critical vasodilators counterbalanceCritical vasodilators counterbalance
 NONO

 PGPG

 Increase in renal blood flowIncrease in renal blood flow
 Decrease vasoconstrictorsDecrease vasoconstrictors



FetalFetal--Neonatal TransitionNeonatal Transition
Renal HemodynamicsRenal Hemodynamics

 PGPG

 Intrinsic PG are involvedIntrinsic PG are involved

 COX 2 (and COX 1)COX 2 (and COX 1)

 NSAIDs in fetus, neonateNSAIDs in fetus, neonate

 Decrease urine outputDecrease urine output

 Significant decrease blood flowSignificant decrease blood flow

 Increase in renal vascular resistanceIncrease in renal vascular resistance

 FetusFetus -- oligohydramniosoligohydramnios

 VasodilatoryVasodilatory

 Counteract vasoconstricted stateCounteract vasoconstricted state



FetalFetal--Neonatal TransitionNeonatal Transition
Tubular FunctionTubular Function

 Fractional Na absorptionFractional Na absorption
 Less in proximal tubule in neonateLess in proximal tubule in neonate

 More distal tubuleMore distal tubule

 Overall lowerOverall lower FxFxNaNa

 Enhanced distal tubule reabsorb NaEnhanced distal tubule reabsorb Na

 Blunted Na excretionBlunted Na excretion
 In the face of a Na loadIn the face of a Na load

 Increase transportIncrease transport
 Maturation of the NaMaturation of the Na--KK--ATPaseATPase

 Increases densityIncreases density



AutoregulationAutoregulation

 AutoregulationAutoregulation

 Range of autoregulation set to lowerRange of autoregulation set to lower
perfusion pressureperfusion pressure

 MAP 40MAP 40--6060

 Renal pressureRenal pressure--flow relationship changes withflow relationship changes with
renal maturationrenal maturation

 Mediated by PG dependent rennin releaseMediated by PG dependent rennin release

 Causing vasoconstriction at lower levels ofCausing vasoconstriction at lower levels of
perfusion pressureperfusion pressure

 NSAID therapy may disruptNSAID therapy may disrupt



Tubuloglomerular FeedbackTubuloglomerular Feedback

 Tubuloglomerular feedbackTubuloglomerular feedback

 Macula densa cellsMacula densa cells
  NaCl delivery distal tubulesNaCl delivery distal tubules

 Inverse relationship NaCl absorption, PG productionInverse relationship NaCl absorption, PG production

 Stimulate angiotensin II form juxtaglomerular cellsStimulate angiotensin II form juxtaglomerular cells

 Constrict efferent arteriolesConstrict efferent arterioles

 Increase GFRIncrease GFR

 Matures with growthMatures with growth
 Maximally sensitive at normal tubular flow rangeMaximally sensitive at normal tubular flow range

 As GFR increases, maximum response and flow rangeAs GFR increases, maximum response and flow range
also increasesalso increases

 Relative sensitivity unaltered during growthRelative sensitivity unaltered during growth



Consequences of Renal FailureConsequences of Renal Failure

 Failure toFailure to
 Regulate fluid balanceRegulate fluid balance –– water overloadwater overload

 Regulate electrolyte balanceRegulate electrolyte balance
 NaNa

 KK

 Ca, PO4, MgCa, PO4, Mg

 Regulate acidRegulate acid--base balancebase balance
 ClCl

 SIDSID



PathogenesisPathogenesis
Abnormal GFRAbnormal GFR

 Vasomotor nephropathyVasomotor nephropathy
Decrease renal blood flowDecrease renal blood flow

 HypovolemiaHypovolemia
 Release vasoconstrictorsRelease vasoconstrictors

 Angiotensin II, vasopressin, catecholaminesAngiotensin II, vasopressin, catecholamines

 SepsisSepsis
 Inflammatory mediatorsInflammatory mediators

 HypovolemiaHypovolemia

 Release of vasoactive mediatorsRelease of vasoactive mediators

 Hypoxia/asphyxiaHypoxia/asphyxia
 Overactivation of the renninOveractivation of the rennin--angiotensin system, intrarenalangiotensin system, intrarenal

adenosine, vasopressin, catecholaminesadenosine, vasopressin, catecholamines

 Extrarenal and intrarenalExtrarenal and intrarenal –– difficult to separatedifficult to separate



PathogenesisPathogenesis
Abnormal GFRAbnormal GFR

 Other causesOther causes -- NSAIDsNSAIDs
 High PG levelsHigh PG levels

 Needed to maintain perfusion neonatal kidneyNeeded to maintain perfusion neonatal kidney

 Hypotension/hypovolemiaHypotension/hypovolemia
 High PG levelsHigh PG levels

 NSAIDsNSAIDs
 Reduce GFRReduce GFR
 Reduce renal blood flowReduce renal blood flow
 Effect transientEffect transient
 Nonselective and COXNonselective and COX--2 selective inhibitors2 selective inhibitors

 Same effectSame effect

 Also may affectAlso may affect
 AutoregulationAutoregulation
 Tubuloglomerular feedbackTubuloglomerular feedback



Acute Renal FailureAcute Renal Failure
AutoregulationAutoregulation

 Autoregulation impaired in Acute Renal FailureAutoregulation impaired in Acute Renal Failure
 Decreasing renal blood flowDecreasing renal blood flow

 Decrease GFRDecrease GFR

 Cause additional renal ischemiaCause additional renal ischemia

 NeonatesNeonates
 AutoregulateAutoregulate with low BPwith low BP

 Low set pointLow set point

 But with volume depletionBut with volume depletion
 Higher renal vascular resistanceHigher renal vascular resistance

 Lower GFRLower GFR

 Potentially more injuryPotentially more injury



ARFARF

 Tubular injuryTubular injury

 Interrupts structural integrityInterrupts structural integrity

 Loss of tight junctionsLoss of tight junctions

 BackleakBackleak of Crof Cr

 High plasma CrHigh plasma Cr

 How much is decrease GFRHow much is decrease GFR

 How much is back leakHow much is back leak





Causes Acute Renal FailureCauses Acute Renal Failure

 Decrease GFRDecrease GFR

 Prerenal azotemiaPrerenal azotemia

 Neonatal Vasogenic NephropathyNeonatal Vasogenic Nephropathy

 GlomerulonephritisGlomerulonephritis

 Tubular dysfunctionTubular dysfunction

 Acute Tubular NecrosisAcute Tubular Necrosis

 Osmotic NephrosisOsmotic Nephrosis

 Renal Tubular AcidosisRenal Tubular Acidosis



Causes Acute Renal FailureCauses Acute Renal Failure

 Interstitial NephritisInterstitial Nephritis

 Idiosyncratic Drug ReactionsIdiosyncratic Drug Reactions

 SepsisSepsis

 Immune Mediated Interstitial DiseaseImmune Mediated Interstitial Disease

 InfectionsInfections

 Systemic sepsisSystemic sepsis

 InterstitialInterstitial

 Abscesses PyelonephritisAbscesses Pyelonephritis



Causes Acute Renal FailureCauses Acute Renal Failure

 Toxic NephropathiesToxic Nephropathies

 NSAIDNSAID

 Flunixin,Flunixin, Phenylbutazone,Phenylbutazone, COX 2 inhibitorsCOX 2 inhibitors

 AntimicrobialsAntimicrobials

 AminoglycosidesAminoglycosides

 BetaBeta--lactams:lactams: cephalosporinscephalosporins,, penicillins, carbapenemspenicillins, carbapenems

 TrimethoprimTrimethoprim--sulfa drugssulfa drugs

 MacrolidesMacrolides

 FluoroquinolonesFluoroquinolones

 TetracyclinesTetracyclines

 Other drugsOther drugs

 FurosemideFurosemide



Neonatal VasomotorNeonatal Vasomotor
NephropathyNephropathy



Neonatal VasomotorNeonatal Vasomotor
NephropathyNephropathy

 GFR and RBFGFR and RBF
 Balance afferent/efferent toneBalance afferent/efferent tone

 VasoconstrictorsVasoconstrictors
 Angiotensin IIAngiotensin II

 AdrenergicsAdrenergics
 CirculatingCirculating –– epi/norepiepi/norepi

 Renal derivedRenal derived

 Renal sympathetic toneRenal sympathetic tone

 VasodilatorsVasodilators
 PGPG

 NONO



Neonatal VasomotorNeonatal Vasomotor
NephropathyNephropathy

 RiskRisk
 Hypovolemia/hypoperfusionHypovolemia/hypoperfusion

 StressStress

 HypertensionHypertension

 Autonomic dysfunctionAutonomic dysfunction

 Pressor therapyPressor therapy

 NSAID therapyNSAID therapy

 Failure birth transitionFailure birth transition

 SignsSigns
 OliguriaOliguria

 Concentrated urineConcentrated urine

 Normal/high/lowNormal/high/low FxnaFxna

 Slow Cr decrease or increaseSlow Cr decrease or increase



Neonatal VasomotorNeonatal Vasomotor
NephropathyNephropathy

 TherapyTherapy
 Volume trialVolume trial
 Inotrope/pressor trialInotrope/pressor trial

 Dopamine?Dopamine?

 Furosemide trialFurosemide trial
 Increase PGIncrease PG –– vasodilatevasodilate
 11--4 mg/kg trial doses4 mg/kg trial doses

 TimeTime

 ConsequencesConsequences
 Usually no parenchymal damageUsually no parenchymal damage

 Can occur rare casesCan occur rare cases
 Increase/failure to decrease CrIncrease/failure to decrease Cr
 SodiumSodium waistingwaisting

 Fluid/water overloadFluid/water overload
 Na overloadNa overload
 Impaired acid/base correction?Impaired acid/base correction?




